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Abstract Body size, temperature and nutrition are the three main factors that influence the growth and development of ectothermic animals. Body size can influence many aspects of an individual’s physiology and ultimately life history, and is affected by multiple factors. Temperature and nutrition are two of the major variables that influence an animal’s body size. Obtaining the appropriate amount and ratio of nutrients is vital for growth and development, while temperature affects an animal’s physiology through its impact on biochemical reactions. The quantity and ratio of nutrients an animal needs may be affected by metabolic rate; hence temperature and body size should impact nutritional requirements. This thesis investigated the interaction of body size, temperature and nutrition using two species of Australian locusts (Orthoptera: Acrididae), 
Chortoicetes terminifera and Locusta migratoria.  Chapter 2 tested whether the nutritional requirements of an individual differed with body size and temperature. Different sized locusts were allowed to self-select the amount and balance of protein and carbohydrate that were required at different temperatures. The results showed that body size and temperature interacted to affect the thermal limits of an individual and subsequently the ratio of nutrients consumed. The patterns of growth were also affected by body size. Whether body size and temperature influence an individual’s ability to supply themselves with the required nutrients while eating a native species of grass (rather than synthetic food) was investigated in Chapter 3. Larger locusts were less efficient at extracting and absorbing nutrients than smaller locusts, which corresponded to the patterns of food particles produced during chewing. Differences in food particles and nutrient absorption observed between the test grasses revealed that the anatomical structure of the grass and locust mandible structure were both important. Nutrient absorption in turn impacted the growth and composition of the locusts.  Following these experiments, Chapter 4 examined whether body size would influence thermoregulatory behaviour, as thermoregulation can be used to adjust metabolic rates and consequently nutritional needs. All locusts spent some time in all temperature zones within an experimental thermal gradient; however, the smaller locusts spent the majority of their time at the hotter temperatures, while the larger locusts spent most of their time at both the hotter (43°C) and cooler (30-32°C) temperatures. These results suggest that body size influences the physiological processes an individual prioritises through temperature selection.  This thesis has made a contribution to understanding the interaction of body size, temperature and nutrition, and how physiology, growth and behaviour can be impacted. Through examining the physiology and behaviour of individuals we can gain a greater understanding of community dynamics under changing environments, and how these might impact ecosystems.  
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Chapter 1 
 
General introduction 
 2 
Community ecology involves a complex suite of interactions between and within species; however, all interactions begin at the individual level. Ectothermic animals, and in particular insects, make up a large portion of all species on earth. Examining the interactions between individuals that affect community or ecosystem processes is enhanced by a better understanding of an individual’s biology, including responses to the biotic and abiotic environment. Major factors that affect the overall performance and fitness of ectotherms are body size, nutrition and temperature. Often studies will test the effect of various factors on an individual’s performance separately, however, environmental and physiological variables occur simultaneously, and will interact and influence one another.   
Size matters Examining the relationship between body size and fitness or performance, generally shows that ‘bigger is better’ (Kingsolver and Huey 2008). Competitive ability is often higher in larger individuals, both between and within a species (Denno et al. 1995; Joern and Klucas 1993). Larger individuals are often able to overpower or even kill a smaller competitor (Denno et al. 1995). Higher fecundity in females is often related to larger body size (Branson 2008; Brown 2008; Honěk 1993), with bigger females producing larger eggs (Branson 2008; Fox and Czesak 2000) or larger clutches (Berrigan 1991; Tammaru et al. 1996). Males that are larger often have greater mating success potentially due to having larger territories, stronger fighting abilities (Brown 2008; Shackleton et 
al. 2005) or producing larger spermatophores (Brown 2008; Wedell 1997). However, small body size also has advantages, for example, reduced 
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maintenance and energy costs, greater agility, lower detectability, reduced heat stress and often faster growth compared to larger individuals (Blanckenhorn 2000). Consequently, body size is a major trait that can affect community dynamics through its impact on nearly all aspects of an individual’s life history (Brose et al. 2006; Woodward et al. 2005). Population and community dynamics may be indirectly affected by body size, for instance, through an individual’s size-related competitive or reproductive success. In addition, many predator-prey interactions are influenced by body size (Binz et al. 2014; Peckarsky et al. 2008; Whitman and Vincent 2008), which may also sculpt populations and communities. The complex and widespread impacts of body size within the course of an individual’s development, between individuals, or with the environment, make body size a prominent feature of an animal’s biology. The physiology of an animal is affected by body size, as whole-organism metabolic rate increases with body size (Fielding and DeFoliart 2008; Gillooly et 
al. 2001). Metabolism is a complex set of reactions that are catalysed by enzymes, which allow animals to grow and maintain tissue structures (Brown et 
al. 2004; Sherwood et al. 2012). The amount and rate of resources required for growth are determined by an animal’s metabolic rate (Brown et al. 2004).  Throughout development metabolic rate will increase with an individual’s size (Fielding and DeFoliart 2008). Hence, resource requirements will differ between individuals and over time due to differences in body size. Exactly how metabolic rate will influence differences between individuals is unclear, 
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however, as mass-specific metabolic rate decreases with body size (Gillooly et 
al. 2001). While body size has an influence on many aspects of an individual’s life history, many variables in turn influence body size. A wide variety of environmental factors determine body size both over evolutionary time and through phenotypic plasticity. For example, many ectotherms have evolved patterns of body size that vary between populations, depending on the climactic conditions of their habitat. Bergmann's clines occur where populations of a species become larger in cooler climates compared to conspecifics in warmer regions (Blackburn et al. 1999). In contrast, a converse Bergmann's cline occurs where populations are smaller in cooler climates, often as a response to shorter season length (Blanckenhorn and Demont 2004; Chown and Klok 2003; Mousseau 1997). In addition, body size can vary within a population due to phenotypic plasticity (Angilletta 2009), where changes in body size are driven by a combination of growth rate, stadium duration, cell size and cell number (Chown and Gaston 2010). The two most influential factors that affect phenotypic plasticity in ectotherm body size are nutrition and temperature.  
Nutrition Nutrients provide the essential components required for tissue growth, along with energy to fuel growth and development (Chapman et al. 2013; Simpson and Raubenheimer 2012). A large body of research, known as the Geometric Framework (GF), has identified that among the many nutrients required to sustain growth and development, the amount and balance of the macronutrients protein and carbohydrate ingested are particularly important 
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for herbivore performance (Raubenheimer and Simpson 1993; 1997; Simpson and Raubenheimer 2012). For carnivores and some omnivores lipid is also a major energy-yielding dietary component (Mayntz et al. 2009; Mayntz et al. 2005; Raubenheimer et al. 2007). The GF shows that animals have an optimal amount and balance of nutrients that maximises growth and performance, which has been termed the intake target (Raubenheimer and Simpson 1993; Simpson and Raubenheimer 1993).  Intake targets are not fixed and change over physiological, developmental and evolutionary timescales (Raubenheimer and Simpson 1997; Simpson and Raubenheimer 1993). For example, moth larvae will shift from a more protein biased diet during early ontogeny to a lipid biased diet later in development, to accumulate the energy reserves that are required during the non-feeding pupal stage (Stockhoff 1993). Dietary changes can occur within a stadium, such as locusts selecting a high protein to carbohydrate ratio during the early stages of the stadium when somatic tissue growth is highest (Chyb and Simpson 1990). Reproduction can result in females selecting diets that maximise egg production rather than longevity (Lee et al. 2008; Maklakov et al. 2008). Changes in physiological activity associated with increased locomotion (Raubenheimer and Simpson 1997) or physiological stress from heightened predation risk (Hawlena and Schmitz 2010) can result in individuals adjusting dietary preferences. Animals will try to reach their intake target primarily by modifying food selection and ingestion (Chambers et al. 1995; Simpson and Raubenheimer 1993; Simpson and Raubenheimer 2012). An animal can achieve its intake target by selectively eating a mixture of foods with complementary imbalances (Chambers et al. 1995; Raubenheimer and Simpson 1993). For example, if an 
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animal eats a portion of a food high in carbohydrate but low in protein, an animal can redress its nutritional imbalance by subsequently eating a food high in protein but low in carbohydrate (Raubenheimer and Simpson 1993). The environment, however, may not always contain suitable complementary foods. If an individual were confined to a single nutritionally imbalanced food, they would consequently over- or under-eat nutrients relative to their intake target (Raubenheimer and Simpson 1993; 1997; Simpson and Raubenheimer 1995).  Additionally, animals can use post-ingestive processes (to a certain degree) to reach their nutrient targets (Chapman et al. 2013). Post-ingestive processes may include adjusting the amount and type of enzymes that are released into the gut lumen (Clissold et al. 2010), increasing metabolic rate to utilise excess carbohydrate or voiding excess protein by excreting uric acid (Trier and Mattson 2003; Zanotto et al. 1993). In addition to finding food sources, animals must be able to extract the nutrients from the food. For herbivores, not all plant material is easily digestible (Clissold et al. 2004; Hochuli 1996; Martin et al. 1991; Van Soest 1996). Plant tissues are made up of cell walls (primarily cellulose, hemicellulose, pectin and lignin) and cell contents, such as amino acids, proteins and sugars (Dickison 2000). Herbivores cannot digest plant cell walls without a symbiotic micro-organism to ferment the cell wall components (Martin et al. 1991; Van Soest 1996). However, not all herbivores utilise cell walls for nutrients, with ruminant mammals being the most common herbivores to use symbiosis (Van Soest 1996). Most insects do not digest cell walls and rely on the cell contents for their nutrient supply (Clissold et al. 2004; Hochuli 1996; Martin et al. 1991).  
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The majority of insects need to break open cell walls to liberate the cell contents (Clissold 2007; Hochuli 1996; Sanson 2006). Some insects can gain nutrients from cells through chemical degradation of the cell wall or contents leaking out through pores in cell walls (Barbehenn 1992; 2005). However, many insects including the Orthoptera are likely to rely mostly on mechanically fracturing cell walls (Clissold 2007). For most insects, the mandibles are the major mechanism used to fracture leaf tissue and break open cell walls (Bernays 1998; Bernays et al. 1991; Clissold 2007; Hochuli 1996; Sanson 2006). Mandible structure can vary between species and feeding types (Bernays 1998; Bernays et al. 1991; Chapman 1964). For example, grass-feeding grasshoppers have blade-like cutting incisors and molar ridges, while forb feeders have sharp cusps on both the incisor and molar regions (Chapman 1964). The different mandible morphologies are thought to have evolved to optimise nutrient extraction from the different types of vegetation, as venation and fracture properties differ between plants (Bernays 1998; Bernays et al. 1991; Clissold 2007). Various studies have shown that mandible size and structure leads to differences in the food particles produced (Barbehenn 2005; Bernays and Janzen 1988).  The degree to which a diet is fragmented impacts nutrient assimilation. For instance, locusts gained almost all of the measured available nutrients when cells were mechanically ruptured by grinding the grass into a fine powder (Clissold et al. 2006). Therefore, the food particle size an insect is able to produce will influence the degree of nutrient assimilation, as smaller food particles often lead to increased nutrient absorption (Bjorndal et al. 1990; Clissold et al. 2004; 2006). Additionally, the anatomical structure of the leaf in 
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combination with mandible structure will influence nutrient absorption. Leaf structure is affected by the arrangement and composition of cell walls and vascular bundles, and leaf water content also plays a role (Choong 1996; Dickison 2000; Wright and Vincent 1996). The ability to absorb nutrients from ‘tough’ leaves has been shown to decline in both caterpillars and locusts, which impacted the amount and rates of protein or carbohydrate absorbed, rather than total nutrients (Barbehenn et al. 2014; Clissold et al. 2006). It was suggested that the cell size and arrangement affected nutrient absorption instead of chemical differences between plants (Clissold et al. 2006).  
Temperature Ectothermic animals, such as most insects, reptiles, amphibians and fish, have only a limited (or no) capacity to internally regulate their body temperature and rely on the surrounding environment (Angilletta 2009). Temperatures experienced by animals are influenced by the local terrain and vegetation, which can create thermally heterogeneous environments that vary in the degree of solar radiation, shade and wind (Coxwell and Bock 1995; Hofstede et al. 1995; Suggitt et al. 2011; Willmer 1982). Additionally, the size of an animal determines the scale at which an animal experiences its environment, with small animals encountering different microclimates to large animals (Willmer 1982). For example, temperature differences can occur within a grass tussock (Hofstede et al. 1995; Willott 1997), which would create a thermally heterogeneous environment for a grasshopper, while a larger lizard relies on the shade patches provided by the vegetation (Adolph 1990).  
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Animal morphology can impact the temperature experienced, as the body size, colour, texture and shape of an animal can influence the body temperatures achieved (Stevenson 1985b; Willmer and Unwin 1981). Body size affects the rate of heating and cooling, with larger animals changing temperature slower than smaller animals (Stevenson 1985a). Dark-coloured exoskeletons or skin absorb more solar radiation and lead to higher body temperatures than conspecifics with lighter-coloured skin (Jong et al. 1996; Miller and Denny 2011; Stevenson 1985b). In addition, the majority of ectotherms use behavioural thermoregulation to actively maintain desirable body temperatures by moving within microclimates in the habitat (Angilletta 2009; Huey 1982; May 1979). Such responses include seeking solar radiation to raise body temperature, finding shade when temperatures are too high, or locating a preferred ambient or substrate temperature (Bauwens et al. 1996; Carrascal and Díaz 1989; Chappell 1983; Chapperon and Seuront 2011a; Schultz and Hadley 1987). Many animals adjust their posture to enhance either heating or cooling of body temperatures (Anderson et al. 1979; Bauwens et al. 1996; Chappell 1983; Martin et al. 1995; Samietz et al. 2005). Furthermore, some animals adjust times of activity to suit the conditions (Díaz and Cabezas-Diaz 2004; Grant 1990; Schultz and Hadley 1987). However, species can differ in how effective they are at thermoregulating. For example, Willott (1997) found the grasshopper species 
Myrmeleotettix maculatus to be poor at raising and maintaining body temperatures, while Corthippus brunneus was highly effective at raising and maintaining temperatures.  
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Temperature is a vital factor for animals as it drives the rates of all biochemical functions, and in turn all aspects of an animal’s life. For example, enzyme activity has critical functional temperatures, outside of which enzymes will either not function or denature (Angilletta 2009; Sherwood et al. 2012). Within the critical functional temperatures, enzyme activity rates increase with increasing temperatures (Sherwood et al. 2012). As metabolism involves reactions catalysed by enzymes (Brown et al. 2004),  temperature has a major influence on metabolism, with metabolic rate increasing with temperature (Gillooly et al. 2001). Consequently, temperature has an effect on almost all other functions in animals, such as muscle activity affecting locomotion (Du et 
al. 2007; Full and Tullis 1990), feeding rates, gut passage rates (Du et al. 2007; Lactin and Johnson 1995; Van Damme et al. 1991), growth and development rates, and brain function (Angilletta et al. 2004; de Jong et al. 2009; Kingsolver and Huey 2008). Thermoregulation can be used by individuals to select temperatures that benefit the functions that suit the their physiological state or environmental conditions, as there is often not a single optimal temperature for all functions (Angilletta 2009).   
Interactions between body size, temperature and nutrition Body size differs with temperature as a form of phenotypic plasticity. Typically poikilothermic animals are thought to follow the temperature-size rule (TSR) described by Atkinson (1994), where animals at cooler temperatures grow slower but to a larger final size than animals at hotter temperatures. Atkinson (1994) estimates that 80% of poikilotherms follow the TSR, however, there are exceptions. A recent study by Klok and Harrison (2013) found ~40% of 
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arthropods included in their study either showed no response to temperature or reversed the TSR. This suggests that there is great variation in the plastic response of growth to temperature, particularly in arthropods. Numerous mechanistic explanations have been suggested. For instance, higher temperatures may lead to development rates being faster than growth rates, resulting in a smaller size at hotter temperatures (Davidowitz et al. 2004; van der Have and de Jong 1996; Walters and Hassall 2006). Another theory, based on a mechanism proposed by von Bertalanffy (1960), suggests that growth efficiencies should decline with increasing temperature (Angilletta and Dunham 2003). Some evidence for this theory has been observed. For example, the butterfly Lycaena tityrus has been shown to be more efficient at converting food to growth at cooler temperatures, resulting in a larger adult body size (Karl and Fischer 2008). Similar results were also found by Miller et al. (2009). However, Angilletta and Dunham (2003) reviewed this theory, finding that in the majority of species growth efficiency either increased with increasing temperature or was unaffected by temperature. Other studies have proposed that oxygen supply will be limited for aquatic species and arthropods at higher temperatures due to oxygen diffusion rates being lower than would be required (Atkinson et al. 2006; Pörtner and Knust 2007). A recent review contradicts this oxygen supply theory, finding no effect of multiple variables, including oxygen, latitude, elevation and taxonomic group on the direction of the TSR reaction norm (Klok and Harrison 2013).  As there is no universal agreement on how temperature affects growth outcomes, some authors have suggested that there is no single mechanism and that the TSR appears to have evolved in different ways in different species 
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(Angilletta and Dunham 2003; Ghosh et al. 2013). Additionally, whether patterns of growth are influenced by body size or developmental age is unclear. Forster and Hirst (2012) demonstrate that younger juveniles show a different pattern of growth response to temperature than older juveniles or adults, however, younger individuals are typically smaller. Conversely, a meta-analysis conducted by Klok and Harrison (2013) report that smaller and larger animals show differences in patterns of growth While many ectotherms follow the TSR, there are many exceptions, where animals reverse the trend or show no response of growth to temperature. This is often found in the Arthropods (Atkinson 1994; Klok and Harrison 2013), including examples from the Orthoptera and Lepidoptera (Atkinson 1994; Forster et al. 2012; Whitman 2008). Interestingly, many observed exceptions to the TSR involve nutrition. For instance, Diamond and Kingsolver (2010) found the tobacco hornworm, Manduca sexta, either followed or reversed the TSR depending on the ‘diet quality’ of the plant they were feeding on. Similarly, Clissold et al. (2013) found that a locust’s growth response to temperature varied depending on the plant species being consumed. Temperature had an effect on the proportion of nutrients (specifically protein and carbohydrate) that locusts were able to absorb from one grass species, leading to differences in TSR reaction norms (Clissold et al. 2013). Rearing temperature can also interact with the ratio of nutrients in a food to affect growth rates (Lee and Roh 2010). Furthermore, the efficiency that nutrients are absorbed and allocated to growth can be affected by temperature (Karl and Fischer 2008; Miller et al. 2009). For example, differences in nutrient utilisation efficiencies at 32°C and 38°C led to 
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temperature having no effect on the final size of Locusta migratoria nymphs (Miller et al. 2009).  Despite nutrition being essential for growth, reviews examining the TSR often exclude studies that incorporate nutritional challenges (Forster et al. 2012; Klok and Harrison 2013), while many experimental studies investigate ‘diet quality’ and confine test subjects to single foods (e.g. Diamond and Kingsolver 2010; Kingsolver and Nagle 2007; Petersen et al. 2000). However, the term ‘diet quality’ is uninformative if an animal’s nutritional needs have not been measured. For herbivores, it is clear that their ability to extract and absorb nutrients should be considered, as body size and temperature both affect absorption. Furthermore, it is likely that body size and temperature will affect nutritional requirements, due to their impact on metabolic rate. Hence, it is important to include an animal’s nutritional needs and their ability to obtain the required nutrients as a factor when investigating the interaction of growth and temperature.  
Study species The experiments in this study were conducted with a model herbivorous insect, the locust, as there is a large amount of research available on locust physiology, nutrition, behaviour and population dynamics (Pener and Simpson 2009; Simpson and Raubenheimer 2012). Additionally, locusts can form plagues (Pener and Simpson 2009; Simpson et al. 1999; Simpson and Sword 2008; Uvarov 1921), causing widespread agricultural devastation. Hence, understanding the physiology and behaviour of locusts can contribute to 
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knowledge of insect herbivore biology in general, in addition to providing information for modelling aimed at controlling pest species. Two different sized species of locusts that are common in Australia were used to generate a range of body sizes using a mix of developmental stages and sexes: Chortoicetes terminifera (the Australian plague locust) and Locusta 
migratoria (migratory locust). Both species go through five nymphal stages before reaching adulthood (Fig. 1.1), taking approximately 21-25 days from hatching to adult, depending on the conditions (Uvarov 1957). Additionally, each species is sexually dimorphic in body size, with the female nymphs being larger than male nymphs.  Many studies that examine body size are confounded by age (e.g. Forster 
et al. 2012). Furthermore, it can be difficult to generate a range of body sizes within one age, particularly with invertebrate species that have fast life cycles. This study aimed to utilise a mixture of species, developmental stage and sex in experiments to determine whether any patterns observed were consistent with the effects of body size being the major factor. Sex is often combined in studies using nymphal stages of insects to examine nutrition, as males and females mostly differ in size rather than nutrient balance response (e.g. Chambers et al. 1995; Raubenheimer and Simpson 1993; 2003; Simpson et al. 2002; Simpson et 
al. 2004). Differences between sex often only arise in adulthood when males and females are preparing for reproduction (Lee et al. 2008; Maklakov et al. 2008). Species may differ in nutrient intake targets (Raubenheimer and Simpson 2003), however, L. migratoria and C. terminifera were selected for this study as they had similar intake targets (L. migratoria: 1P:1.2C Chambers et al. 1995; Raubenheimer and Simpson 1993; vs C. terminifera: 1P:1.14C Clissold et 
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al. 2009) that should not confound the effect of body size. In addition, utilising two species to generate a range of size classes would provide a greater opportunity to determine if any patterns were due to body size compared to using only a single species. The smaller species, C. terminifera, has a widespread distribution in Australia and has frequent plague outbreaks, making it an extremely destructive pest species (A.P.L.C. 2014). Locusta migratoria has a smaller range in Australia and outbreaks less frequently, however, they are also found causing damage in Africa, Eastern Europe and Asia (A.P.L.C. 2014).  
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Thesis approach This research aimed to examine the interaction between three prominent variables that influence an ectotherm’s life history: body size, temperature and nutrition. Each chapter examines a different aspect of an individual’s nutritional biology, with the interactive effects of body size and temperature; and how subsequent growth and development vary. Firstly, Chapter 2 determined how an individual’s nutritional requirements vary with both body size and temperature, using synthetic diets. Both body size and temperature affect metabolic rates, which will determine the resources that are required to sustain growth. Patterns of growth and development were measured to determine how final body size responded to temperature when individuals are allowed to self-select their diets. Chapter 3 investigated how body size and temperature influenced an individual’s ability to meet nutritional requirements when feeding on plants, a more ecologically relevant food. Nutrient extraction and absorption were measured across body size and temperature, with the resulting patterns of growth interpreted using the knowledge gained in Chapter 2 of nutrient targets and corresponding growth. Next, Chapter 4 examined thermoregulatory behaviour across body size, to determine if small and large individuals utilise temperature differently, and what impact temperature selection had on growth and development. Chapter 5 brings results from the experimental chapters together in a final discussion. 
   Fig. 1.1. The life cycle of C. terminifera from egg to adult, displaying the nymphal instars that occur (sourced from: Department of Agriculture 2014). Locusta 
migratoria has a very similar life cycle to C. terminifera. 
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Chapter 2 
 
The effect of body size and temperature on 
nutritional requirements 
 
18 
Summary Body size affects many aspects of an animal’s life history and is in turn affected by multiple factors, with two of the most influential being temperature and nutrition. The effect of temperature on growth in ectotherms has been widely studied. Here, animals typically have slower growth but to a larger final size at cooler temperatures, known as the temperature-size rule (TSR). However, a general mechanism has yet to be described. Both body size and temperature affect an animal’s metabolism. Despite metabolic rate in part determining the resources an animal requires, the role of nutrition is often underappreciated in studies that test the interaction of temperature and growth. For example, it has been shown that the amount and ratio of protein and carbohydrate, rather than total energy, is important for growth and development and may be affected by temperature. In this chapter, I aimed to investigate whether body size and temperature affected nutritional (not just energy) requirements, and subsequently how consumption, growth and developmental times varied. To generate a range of size classes, different ages and sexes from two species of locusts, Chortoicetes terminifera and Locusta migratoria, were allowed to self-select the amount and ratio of protein and carbohydrate in their diet, while being reared at one of three temperatures: 32°C, 38°C and 44°C. Results showed an effect of temperature and body size on the ratio of nutrients selected. At 38°C locusts selected a more carbohydrate biased diet than at 32°C. Additionally, as body size increased, locusts at both 32°C and 38°C increased carbohydrate selection in their diet. Interestingly, at 44°C larger and smaller locusts differed in their nutrient selection, with smaller locusts increasing carbohydrate selection above 32°C, while larger locusts selected a more protein biased diet. This difference between small and large locusts also coincided with differences in growth responses. Smaller locusts grew faster and to a larger final size at the hotter temperatures (reversing the TSR), while larger locusts grew to a smaller final size at hotter temperatures. This suggests that smaller and larger locusts potentially differ in thermal limits. Overall these results highlight the importance of including both body size and nutrition as factors when investigating thermal effects on animals. 
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Introduction Body size is an influential factor affecting multiple components of an animal’s life history, including its physiology, locomotion, behaviour and overall performance (Chown and Gaston 2010; Whitman 2008). Community ecology can be affected by the sizes of individual organisms within assemblages, due to size-related differences in competitive abilities and fitness outcomes both between and within species (Brose et al. 2006; Woodward et al. 2005; Woodward and Warren 2007). Larger females, for instance, often have higher fecundity (Brown 2008; Honěk 1993), while larger males can have greater mating success (Brown 2008; Hughes 1985; Simmons 1988). Smaller size can also benefit from reduced energy costs and lower detectability, however, larger animals are more competitive in gaining resources (Blanckenhorn 2000; Kelly 
et al. 2008). Therefore, because interactions between individuals drive community dynamics, body size will have an important indirect effect on ecosystems. Body size can impact crucial biological functions such as the biochemical reactions that comprise an animal’s metabolism (Fielding and DeFoliart 2008; Gillooly et al. 2001). The rate of metabolism will determine the resources required for development (Brown et al. 2004; Savage et al. 2004). Whole-organism metabolic rate increases with body size, hence, larger animals require more total energy to fuel growth and behavioural processes (Gillooly et al. 2001). Mass-specific metabolic rate, however, decreases with body size (Gillooly 
et al. 2001), suggesting that larger individuals are more metabolically efficient. Consequently, body size will determine both the amounts and rates of resources required for individuals to meet different metabolic needs. Whether an animal 
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can meet its metabolic requirements will influence its growth outcomes and hence body size.  Numerous biological and environmental variables affect body size (Blanckenhorn 2000; Chown and Gaston 2010; Whitman 2008) with two of the most prominent being temperature and nutrition. Temperature is a critical variable that affects important functions spanning physiology and behaviour (Chown and Terblanche 2007). Since ectotherms rely on the environment to attain optimal body temperatures (Angilletta 2009), sites with suitable microclimates are vital resources for these animals. Biochemical rates such as enzyme activity are determined by temperature (Sherwood et al. 2012), hence metabolic rates increase with increasing temperature (up to a point) (Gillooly et 
al. 2001). Accordingly, temperature influences many functions in animals, such as feeding and gut passage rates (Du et al. 2007; Lactin and Johnson 1995; Van Damme et al. 1991), growth and development rates (Angilletta et al. 2004; de Jong et al. 2009), and muscle function (Rome and Swank 1992). This in turn can affect behavioural activities such as locomotion (Du et al. 2007; Full and Tullis 1990; Van Damme et al. 1991). Body size also affects rates of heating and cooling in ectothermic species as a function of surface area to volume ratio and other factors (Stevenson 1985a).  Temperature is known to affect body size over evolutionary time, where populations of a species tend to grow larger in cooler environments, referred to as a Bergmann’s cline (Blackburn et al. 1999). Exceptions (known as Converse Bergmann’s clines) also exist where animals grow smaller in cooler environments, thought to be a consequence of shorter breeding seasons (Blanckenhorn and Demont 2004; Chown and Klok 2003). Both Bergmann’s and 
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Converse Bergmann’s clines hold when animals from different populations are experimentally reared under the same conditions (e.g. Parsons and Joern 2014).  Temperature also affects body size over developmental time as a phenotypically plastic trait. Often, growth in ectotherms follows the temperature-size rule (TSR), where animals at hotter temperatures grow faster but to a smaller final size than those at cooler temperatures (Atkinson 1994). A variety of explanations have been proposed for the occurrence of the TSR. Some studies have suggested that larger size in cooler temperatures aids survivorship and enhances fecundity as reproduction occurs less frequently (reviewed Angilletta et al. 2004). However, studies using optimality models to predict conditions in which smaller size at hotter temperatures maximises fitness have been found to be too restrictive for most animals (Kingsolver and Huey 2008). Mechanistic explanations for the TSR have been suggested, such as temperature affecting development rates and growth rates differently (Davidowitz et al. 2004; van der Have and de Jong 1996; Walters and Hassall 2006), growth efficiencies declining as temperature increases (Angilletta and Dunham 2003), or poor oxygen supply at higher temperatures (Atkinson et al. 2006; Pörtner and Knust 2007). Currently there is no general consensus as to whether a single mechanism causes the TSR to occur (Angilletta and Dunham 2003; Ghosh et al. 2013). Exceptions to the TSR occur where animals reverse the trend and grow both faster and larger at hotter temperatures, or eliminate the TSR, when temperature has no effect on final size. Nutrition or ‘food quality’ regularly influences growth outcomes that are exceptions to the TSR (Clissold et al. 2013; Diamond and Kingsolver 2010). For example, locusts feeding on a particular 
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species of grass (Themeda triandra) reversed the TSR, due to individuals absorbing different ratios of protein and carbohydrate at different temperatures. In addition, differences in TSR reaction norms have been observed between younger and older individuals (Forster and Hirst 2012), however, whether the patterns of growth are influenced by body size or developmental age is unclear (Klok and Harrison 2013). The balance of macronutrients, rather than total energy, is important for growth and development (Simpson and Raubenheimer 2012). For insect herbivores, it has been shown that the amount and balance of protein and carbohydrate will maximise overall performance (Behmer 2009; Simpson et al. 2004). Dietary protein is primarily used for somatic growth and synthesis of enzymes and functional proteins, whereas carbohydrate is the main respiratory fuel, which can be stored as glycogen (short-term storage) or lipids (long-term storage) for later use (Chapman et al. 2013). Animals will try to gain their required amount and balance of nutrients (termed the intake target) through various mechanisms, including modifying food selection, amounts of ingestion (Raubenheimer and Simpson 1993; Simpson and Raubenheimer 1993; Simpson and Raubenheimer 2012) and post-ingestive processes (Clissold et al. 2010; Zanotto et al. 1993). Intake targets are not static and change throughout an animal’s life. For instance, intake targets can change throughout ontogeny in insects, changing both within and between different stadiums (Chyb and Simpson 1990; Cohen et al. 1987; Stockhoff 1993). Reproductive activity can lead to diets becoming more protein biased in females to maximise fecundity (Lee et al. 2008; Maklakov et al. 2008), while males require more carbohydrate as a response to increased mating activities such as calling for females 
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(Maklakov et al. 2008). Changes in activity levels (e.g. flying) results in locusts consuming more carbohydrate (Raubenheimer and Simpson 1997).  Interactions between body size, temperature and an animal’s physiology will potentially affect intake targets through changes in metabolic and growth requirements. Studies examining the interaction between temperature and nutrition have demonstrated the important link between metabolic rate and changes in nutritional requirements. Locusts reared at hotter temperatures have been shown to have higher energetic needs, leading to a lower efficiency of converting ingested food to growth (Miller et al. 2009). Consequently, in a separate study, locusts that were deprived of a meal were observed to select lower temperatures when they were allowed to thermoregulate, as a likely response to the increased nutritional demand that would occur if a hotter temperature were selected (Coggan et al. 2011). The interaction between body size and temperature, and whether it affects intake targets, has yet to be studied. In this chapter, I aimed to investigate whether body size and temperature had an effect on nutritional requirements and subsequent life history responses using representatives of the model herbivorous insect group, the locusts. A range of ages and sexes within two species, Chortoicetes terminifera (Australian plague locust) and Locusta migratoria (migratory locust), were used to compare nutrient selection (namely protein and carbohydrate) at different temperatures across a range of body sizes. Specifically, I hypothesised that: 1) nutritional requirements would change as temperature increased, with locusts selecting a more carbohydrate biased diet as a possible fuel for higher metabolic rates, and 2) body size would also affect nutritional requirements, with larger locusts 
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selecting a more carbohydrate biased diet in association with implied higher absolute metabolic rates. In addition, this study aimed to identify the response of various life history traits across body size and temperature when locusts are allowed to self-select their diet.  
Methods 
Locust culture Gregarious cultures of L. migratoria and C. terminifera were reared at The University of Sydney. Locusta migratoria were originally collected from the Central Highlands of Queensland, Australia (Clissold et al. 2010). 
Chortoicetes terminifera were collected from outbreaks in southern New South Wales (February, 2005), north eastern Victoria (December, 2005), and southern Western Australia (October, 2006). Locusts were reared under high densities, with L. migratoria housed in large plastic breeding tubs (500-1000 individuals; 76L x 56W x 60H cm) and C. terminifera reared in mesh cages (300-500 individuals; 45L x 45W x 45H cm). All locusts were fed on seedling wheatgrass (Triticum aestivum) and wheat germ in a constant temperature room at 30.5-33.5°C with a photoperiod of 14:10h (light:dark). All cages were provided with an additional heat lamp during the light phase, allowing the locusts to thermoregulate. Experimental replicates were conducted over several months: July 2012, September 2012, February 2013, May 2013 and November 2013.  
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Protocol A range of nine instars and sexes from L. migratoria and C. terminifera (termed size groups) were used to determine if intake target differs with temperature and initial body size over the length of a single stadium. Size groups will be referred to by their shorthand coding, where the first number refers to the size group’s rank in size order, the letter refers to species, the second number refers to instar age and the final letter refers to sex. For example, the smallest size group - L. migratoria second instar males - is referred to as 1.L2M. The following size groups listed in size order where used: 1.L2M, 2.C4M, 3.C4F, 4.L3M, 5.C5M, 6.C5F, 7.L4M, 8.L4F, 9.L5M and 10.L5F (see Fig. 2.1 for scaled images of locusts from each size group). Locusts were allocated to a temperature treatment of 32°C, 38°C or 44°C. Temperatures in the field can easily reach above 50°C, and 
C. terminifera were observed to bask where body temperatures exceeded 44°C (personal observation). Locusta migratoria have also been shown to select either 32°C or 38°C as preferred temperatures according to nutritional state in previous experiments investigating aspects of thermoregulatory behaviour and nutrition (Coggan et al. 2011; Miller et al. 2009). Consequently, the three chosen temperatures (32°C, 38°C or 44°C) were considered ecologically relevant.  Locusts allocated to the 32°C treatment were housed in a controlled temperature room kept at 30.5-33.5°C. The other temperature treatments were conducted in incubators that were placed inside the controlled temperature room. Some groups of 38°C locusts were conducted in a Certomat H incubator (B. Braun, Melsungen, Germany) while the remainder were conducted in incubators made from a Styrofoam box (50L x 30W x 25H cm, internal measurements) where the lid was modified to house a Hova Bator incubator 
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element with circulation fan (G.Q.F. Manufacturing Co., Savannah, USA). All 44°C treatment locusts were conducted in Styrofoam incubators with Hova Bator elements. Locusts were collected within 4 h of moulting into the appropriate instar and weighed to the nearest 0.01 mg. Each locust was placed into a clear plastic individual experimental box (17L x 11.5W x 6H cm) with air holes, containing a perch, water dish and food bowls, and placed at the allocated experimental temperature. Each locust was provided with two fresh powdered synthetic foods every two days until ecdysis, allowing the locust to feed ad libitum. One food was high in protein (35% protein and 7% carbohydrate) and the other was high in carbohydrate (7% protein and 35% carbohydrate). The foods were based on synthetic diets described in Simpson and Abisgold (1985). The protein constituted a 3:1:1 mix of casein, bacteriological peptone and egg albumen. Carbohydrate was a 1:1 mix of dextrin and sucrose. The bulk of the food was 54% indigestible cellulose powder and 4% essential micronutrients (salts, vitamins, cholesterol and linoleic acid). The total dry mass of food consumed throughout the duration of the stadium was measured by determining the mass change in the food dishes. Food was provided in modified feeding dishes, which have a central dish surrounded by a moat to capture any food spills (adapted from Raubenheimer and Simpson 1990). Dishes were weighed to the nearest 0.01 mg prior to consumption. After a two-day feeding period, frass was removed and food dishes were dried at 32°C before re-weighing to calculate the mass change. The total dry mass of food 
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eaten was then used to calculate the total amount of protein and carbohydrate consumed, and thus the selected intake target.  Stadium duration was measured to the nearest half day, depending on if they moulted before or after noon. As locusts ecdysed to the next instar they were collected within  3 h and killed by freezing at -80°C. Locusts were later lyophilised to a constant dry weight before re-weighing (final dry weight). The locust’s initial dry weight was calculated using linear regression equations (Table 2.1), based on lyophilised and re-weighed samples of each size group that were killed immediately after ecdysis into the appropriate instar. Initial dry weights were used to calculate growth and as covariates in analyses where appropriate. The lipid content of the insects surviving into their next stadium was measured by extracting lipid in three 24-h submersions of fresh chloroform. The carcasses were then lyophilised and re-weighed to determine lipid content.  
Data analysis Box plots and Levene’s tests were used to check data for homogeneity of variances and Kolmogorov-Smirnov tests were used to test for normality. All data were analysed in SYSTAT 12 (Systat Software, Chicago Illinois, USA) unless otherwise stated. Data for the 10.L5F at 44°C were not included in any analysis as none survived through to the adult moult.   
Across body size analysis ANCOVAs were used to explore the effect of temperature across body size on the various test measures. The initial dry weight was used as the covariate to 
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test whether body size and temperature had an effect on, the total amount of food consumed, intake rate (mg eaten/day), ratio of carbohydrate to protein (C:P) selected, final dry weight and growth rate (mg/day). All variables were log transformed (log10) except for the C:P ratio. Nutrient utilisation efficiencies were determined by conducting ANCOVAs and associated bi-coordinate utilisation plots (Raubenheimer and Simpson 1992) of the amount of lipid growth and non-lipid growth, using carbohydrate consumed and protein consumed as the covariates, respectively. Lipid growth is the amount of growth attributed to the lipid content in the carcass. For all tests, a full model ANCOVA was conducted to determine if there was a statistically significant interaction between the covariate and temperature, violating the assumption of homogeneity of slopes (Quinn and Keough 2002). In some cases the homogeneity of slopes assumption was violated, and it was determined by examining scatter plots that the results at 44°C were causing the interaction. In these cases, further ANCOVAs were conducted after removing the 44°C data. Additionally, some results at 44°C displayed a broken-stick relationship. Broken-stick analyses were conducted on the appropriate 44°C data using R segmented package (R Core Team 2013) to determine at which size group the monotonic relationship changed. For the remaining analyses where 44°C was excluded, the 44°C data were interpreted visually from scatter plots. To make visualising patterns easier, the scatter plots presented are of the mean values within each size group across temperatures.  
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Within size group analysis Each size group was analysed separately to explore within-group responses to temperature. The total amount of food consumed, intake rate (mg dry weight eaten/day), final dry weight, growth rate (mg dry weight growth/day) and stadium duration were analysed using ANOVAs with temperature as the factor. However, for the 1.L2M size group, final dry weight was analysed using an ANCOVA with initial dry weight as the covariate to correct for differences that were found between treatment group starting weights. The ratio of C:P ingested was analysed using an ANCOVA of carbohydrate eaten with the amount of protein eaten as the covariate. Nutrient utilisation efficiency was analysed using ANCOVAs. Carbohydrate utilisation was tested as the amount of lipid growth across the stadium with carbohydrate intake as the covariate. Protein utilisation was analysed as the amount of non-lipid growth with protein intake as the covariate.  
Results 
Survival The largest size groups showed reduced survival at 44°C. The 9.L5M locusts had a survival rate of 50% while no 10.L5F survived to the adult moult (Fig. 2.2). The insects in group 10.L5F at 44°C either died before (66%) or during ecdysis (33%). Additionally, only 70% of 6.C5F survived at 44°C, and 74% survived at 32°C. All other size groups had survival rates above 80% for all temperatures. Data for locusts with low survival rates did not show any effect of survivor bias. Prior to removing data points, a preliminary analysis was conducted that 
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included both survivors and deaths. These analyses showed the same patterns that were found when deaths were removed from the data set.  
Across body size results Temperature had a statistically significant effect on the total amount of food consumed (F(2,438) = 5.30, P = 0.005, covariate F(1,438) = 8076.11, P < 0.001). Locusts increased consumption at 38°C and 44°C compared to 32°C (Table 2.2, Fig. 2.3). Food consumption also increased with increasing body size (Fig. 2.3). Intake rate showed a statistically significant interaction between the covariate (initial dry weight) and temperature (P < 0.05), violating the homogeneity of slopes assumption. Comparing 38°C and 32°C only showed that intake rate statistically significantly increased at 38°C (F(1,306) = 6.30, P = 0.013, covariate 
F(1,306) = 5270.45, P < 0.001). Examining the scatter plot indicated that intake rate also increased at 44°C, however, smaller locusts at 44°C appeared to increase intake rate higher than those at 38°C, while larger locusts at 44°C showed intake rates similar to 38°C (Fig. 2.4). Additionally, intake rates increased with larger body size (Fig. 2.4). The ratio of C:P selected had a statistically significant interaction between the covariate (initial dry weight) and temperature (P < 0.05). Removing 44°C from the analysis revealed that locusts selected a more carbohydrate biased diet at 38°C compared to 32°C (F(1,306) = 39.16, P < 0.001, covariate F(1,306) = 87.09, P < 0.001). Diet selection also became more carbohydrate biased as body size increased at both 32°C and 38°C (Fig. 2.5). The broken-stick analysis at 44°C showed that there was a positive linear relationship between body size and C:P 
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ratio until the 5.C5M (5.C5M break point log10 initial dry weight = 1.47, P = 0.009). After this point the relationship between body size and C:P ratio changed to become negative. The scatter plot showed that smaller locusts at 44°C select a more carbohydrate biased diet than at 32°C up until the break point (Fig. 2.5). The larger locusts at 44°C shift to selecting a more protein biased diet, with the largest locusts selecting a diet higher in protein than those at 32°C. Growth was statistically significantly affected by temperature (F(2,428) = 3.75, P = 0.024, covariate F(1,428) = 10898.66, P < 0.001), where locusts grew to a larger final size at 38°C than 32°C (Table 2.2, Fig. 2.6). The final size of locusts at 44°C was not different to either 38°C or 32°C (Table 2.2). The homogeneity of slopes assumption was violated for growth rate when all temperatures were included (P > 0.05). Faster growth rates were found at 38°C than 32°C (F(1,298) = 43.94, P < 0.001, covariate F(1,298) = 993.98, P < 0.001) when 44°C was removed from the analysis. At 44°C, the broken-stick analysis showed that the relationship between body size and growth rate changed at the 9.L5M (9.L5M break point log10 initial dry weight = 2.00, P < 0.001). Smaller locusts had high growth rates at 44°C, either elevated above or similar to 38°C (Fig. 2.7). The largest locusts, however, began to show a decline in growth rate, compared to the other temperatures. The nutrient utilisation efficiency results were interpreted from the patterns in the utilisation plots (Fig. 2.8 & 2.9), due to interactions between covariates and factors in both tests, violating the assumptions of ANCOVAs (see Quinn and Keough 2002; Raubenheimer and Simpson 1992). For carbohydrate 
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utilisation efficiency, the interaction between the covariate (log10 carbohydrate consumed) and factor (temperature) was not statistically significant; however, the P value was only marginally above being statistically significant (F(2,420) = 2.83, P = 0.060). Additionally, the utilisation plot shows a clear interaction between all temperatures (Fig. 2.8), hence it was determined the assumptions of ANCOVA were violated and the data interpreted visually. From visually inspecting the data, there were no clear patterns evident for the effect of temperature on carbohydrate utilisation. The amount of lipid growth appeared to increase linearly with carbohydrate intake. Protein utilisation had a statistically significant interaction between the covariate (log10 protein consumed) and factor (temperature) (F(2,414) = 9.60, P < 0.001), violating the assumptions of ANCOVA. Patterns of protein utilisation appeared to differ between small and large locusts (Fig. 2.9). The smaller locusts showed higher protein utilisation efficiency at the hotter temperatures (38°C and 44°C), while the larger locusts showed no differences in protein utilisation between 32°C and 38°C. The largest locusts showed reduced protein utilisation efficiency at 44°C.   
Within size group results Within each size group the total amount of food consumed followed a similar pattern to results found across size groups, with total consumption statistically significantly increasing with increasing temperature in the majority of size groups (Table 2.3, Fig. 2.10a). Only the 4.L3M, 6.C5F and 9.L5M size groups were exceptions, and did not differ statistically significantly in consumption across temperatures. Intake rates statistically significantly increased with temperature in all size groups (Table 2.4, Fig. 2.10b). In the small size groups, 
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up until the 4.L3M and also the 7.L4M, intake rates increased statistically significantly with each temperature increase. The remaining larger size groups had similar intake rates at the hotter temperatures 38°C and 44°C (Fig. 2.10b).  The patterns of nutrient selection across temperatures appeared to differ between the small and large size groups (Fig. 2.10c). The smaller size groups up until the 5.C5M group show a pattern of increased carbohydrate selection as temperature increased (Table 2.5, Fig. 2.10c). In contrast, while the larger locusts showed a pattern of increased carbohydrate selection at 38°C, they shifted to protein biased selection in their diet at 44°C.  Smaller size groups mostly grew to a larger final size as temperature increased (Table 2.6, Fig. 2.10d). The larger size groups, however, showed a mixed growth response to temperature. The 7.L4M and 8.L4F showed a similar response to smaller groups, growing to a larger final size as temperature increased. In contrast, the remaining large groups (6.C5F, 9.L5M and 10.L5F) showed no effect of temperature on final size (Fig. 2.10d). Growth rate increased with increasing temperature in the majority of size groups (Table 2.7, Fig. 2.10e). Only three of the larger size groups, 6.C5F, 9.L5M and 10.L5F, showed no effect of temperature on growth rate. Nearly all size groups showed no detectable effect of temperature on the efficiency that carbohydrate intake was converted to lipid growth (Table 2.8, Fig. 2.10f). Only the 4.L3M had an increased efficiency at 44°C compared to 38°C (Fig. 2.10f). The effect of temperature on protein utilisation efficiency was more varied between the size groups (Table 2.9, Fig. 2.10g). Three of the smaller size groups (1.L2M, 2.C4M and 5.C5M) had an increase in the efficiency that protein was converted to growth as temperature increased (Fig. 2.10g). The large 9.L5M 
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showed a decline in protein utilisation efficiency at 44°C. All other size groups showed no effect of temperature on protein utilisation (Fig. 2.10g). Stadium durations at the hotter temperatures were mostly the same at 38°C and 44°C, and were approximately 20-30% shorter than at 32°C (Table 2.10, Fig. 2.10h). Some exceptions did occur. The 1.L2M insects developed statistically significantly faster as temperature increased, while the 5.C5M developed fastest at 38°C, followed by 44°C, and slowest at 32°C. The 10.L5F showed no effect of temperature on stadium duration.  
Discussion The influence of locust body size on several fundamental factors has been demonstrated in this work, with small and large individuals differing in their nutrient selection and subsequent performance across temperatures. As expected, body size and temperature both influenced nutritional requirements, with an increase in body size and an increase in temperature to 38°C resulting in locusts selecting diets that were higher in carbohydrate. Additionally, this study indicated that larger locusts appear to have a lower temperature threshold than the smaller locusts, suggesting that important physiological differences exist between small and large sized individuals. Larger locusts showed reduced performance at the hotter temperatures, which also coincided with a change in nutrient selection.  In contrast, smaller locusts grew faster and to a larger size at hotter temperatures.  There was a clear interaction between body size and temperature affecting locust performance, with larger locusts having a substantially lowered survival at the hottest temperature. Despite clear patterns of larger or older individuals 
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having reduced upper thermal limits, it is still unclear what causes these differences (Forster et al. 2012). Continued exposure to stressful temperatures can lead to damage in various macromolecules and cellular structures, which may ultimately lead to the animal’s death (Chown and Nicholson 2004; Chown and Terblanche 2007; Neven 2000). One reason for why larger animals might be expected to have a lower upper lethal temperature limit is simple physics: larger animals have a higher heat capacity and a reduced ability to dissipate heat due to their lower surface area to volume ratio (Blanckenhorn 2000; Chappell and Whitman 1990; Stevenson 1985a).  Another possibility is that there are changes in thermal tolerance with development. Hence, in the present study, larger size groups were older. Similarly, fish and marine invertebrates have been shown to have higher thermal tolerances in smaller individuals (Peck et al. 2009; Pörtner and Knust 2007), but whether this is due to differences with developmental stage or body size has not yet been established. Bowler and Terblanche (2008) have argued that higher upper temperature limits in younger insect life stages involve physiological and morphological changes during development, reflecting that younger stages are often less mobile than older stages and therefore need to be more tolerant of widely varying temperatures (Bowler and Terblanche 2008; Chown and Nicholson 2004; Coyne et al. 1983). Behavioural thermoregulation in older, more mobile insects would conversely allow individuals to remain within non-stressful temperature ranges. However, insects also show evidence for body size affecting thermal tolerance, with larger individuals in adult moths and millipedes both showing higher mortality at hotter temperatures (Carroll and Quiring 1993; Dangerfield and Chipfunde 1995). Alternatively, body size 
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may also influence an individual’s mobility (Biedermann 2002; Blanckenhorn 2000) and consequently its ability to thermoregulate. In the current study, locusts were confined to a constant temperature and unable to thermoregulate. Despite constant high temperatures being unlikely conditions to encounter in the environment, the constant exposure to high temperatures revealed differences in thermal tolerance between the size groups. The current study contributes partly to distinguishing between the effects of body size and developmental age on thermal tolerance. Only the largest size group (10.L5F) had total mortality at 44°C, with the survival rate increasing as locust size decreased. One exception were the 6.C5F, the largest of the C. 
terminifera size groups. However, the 6.C5F also had reduced survival at 32°C, suggesting that the population of 6.C5F may have had reduced survival in general due to an unknown factor. Nonetheless, the overall patterns observed in this study were consistent with body size being the major determinant.  The interaction of body size and temperature impacted diet selection in the present study. Locusts followed the expected response to temperature increases, by increasing food consumption and intake rates. However, the ratio of C:P that the locusts selected differed both with temperature and body size. As the temperature increased from 32°C to 38°C, locusts selected a diet with a higher proportion of carbohydrate as expected. Additionally, there was a pattern of increased carbohydrate selection in the diet as body size increased as predicted. Despite this increased intake of carbohydrate, locusts did not differ in lipid growth across temperature treatments. Carbohydrate can be used to convert to lipid stores as well as for metabolic fuel (Chapman et al. 2013). The lack of extra lipid growth at 38°C therefore suggests that the increased 
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consumption of carbohydrate was used to fuel an increase in metabolic rate. Despite Miller et al. (2009) finding that 5th instar L. migratoria nymphs did not alter macronutrient selection when reared at 32° or 38°C, a number of other studies indicate increased carbohydrate consumption may be due to differing metabolic needs.  Caterpillars at hotter temperatures, for example, were previously found not to convert ingested carbohydrate to lipid to the same degree as caterpillars experiencing cooler temperatures (Lee and Roh 2010). In addition, grasshoppers have been found to increase consumption of carbohydrate in response to predation risk, which correlates with an increase in metabolic rate (Hawlena and Schmitz 2010). Similarly, Parsons (2011) found grasshoppers from hotter climates self-select diets higher in carbohydrate than their cooler climate counterparts, further suggesting that insects living in hotter temperatures require more energy to fuel an increased metabolic rate. Body size also impacts metabolic rates, with absolute metabolic rate increasing with body size (Gillooly et al. 2001). Although mass specific metabolic rates suggest larger animals are more metabolically efficient (Gillooly et al. 2001), the results in the current study indicate that larger body size, hence higher absolute metabolic rates, influence diet selection to increase consumption of carbohydrate as a possible fuel. At 44°C the small and large size groups differed in their nutrient selection patterns. The small size groups (up to the 5.C5M) increased carbohydrate selection at 44°C as a likely response to increased metabolic rates. In contrast, the large size groups changed their diet selection to become more protein biased as body size increased. The largest size groups appeared to select diets 
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higher in protein than their smaller conspecifics at 32°C. This shift to a protein biased diet in the larger groups may be the result of constant 44°C being a stressful temperature, which corresponds to the poor survival observed in the larger locusts. Several studies have seen similar reduced performance when animals are reared on low protein diets at stressful temperatures (Janković-
Tomanić and Lazarević 2012; Lee and Roh 2010). Enzyme and protein structures denature if critical temperatures are exceeded (Sherwood et al. 2012). Consequently, heat stress can often lead to the increase in repair and replacement of damaged proteins (Hofmann and Somero 1995; Somero 2011; Wojewodzic et al. 2011). When faced with a pathogen or immunity challenge, insects have shown the ability to select intake targets that increase survival (Cotter et al. 2011; Lee et al. 2006; Povey et al. 2009). Hence, the larger locusts at 44°C within these experiments are potentially increasing protein consumption to repair or replace damaged proteins and enzymes.  Patterns of growth differed slightly depending on the analyses conducted. Body size comparisons revealed that, overall, locusts grew to be larger at 38°C, whereas within size group analyses saw a varied response within small and large size groups. These results demonstrate the importance of examining the patterns both across and within body size classes. The smaller size groups (up to 5.C5M) grew to a greater degree and at a faster rate at higher temperatures, reversing the TSR. This increased growth was attributed to a higher efficiency of converting ingested protein to non-lipid growth at the hotter temperatures. These results are in direct contrast to the finding of Miller et al. (2009), where 5th instar L. migratoria were more efficient at converting ingested food to growth at 32°C. Miller et al. (2009) found that the energy required to process 
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food was higher at 38°C, leading to locusts achieving the same growth as those at 32°C, despite increasing their food intake. In the present case, differences in energetic demands between small and large locusts may potentially have led to smaller locusts having the ability to increase nutrient utilisation efficiencies at hotter temperatures. The larger sized locusts show a mixed response of growth to temperature. In contrast to the smaller locusts, some larger size groups did not follow the overall pattern of increased growth at 38°C. The 5th instar female C. terminifera (6.C5F) and the 5th instar L. migratoria (9.L5M and 10.L5F) all showed no effect of temperature on final size. Similar to the current study, two reviews (Forster 
et al. 2012; Klok and Harrison 2013) found that larger sized animals had variable responses of growth to temperature. Additionally, the larger locusts did not show an increased efficiency in nutrient utilisation relative to smaller locusts at any temperature. The observed growth was therefore related only to total food consumption, except in the largest group (10.L5F). The 10.L5F appeared to have a reduced efficiency of converting ingested food to growth, as they consumed more food at 38°C but did not result in larger final size. Temperature also did not have an effect on the stadium duration of the 10.L5F, resulting in these locusts performing no differently between 32°C and 38°C. These results indicate that the physiology of larger sizes can additionally lead to no improvement or poorer growth efficiency with increases in temperature. In agreement with these findings, Angilletta and Dunham (2003) found that larger body size resulted in a lower optimum temperature for growth efficiency in several fish and amphipod species.  
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Interestingly, the L. migratoria 4th instar nymphs (7.L4M and 8.L4F) grew to a larger final size at the hotter temperatures reversing the TSR. This growth was achieved by increasing food consumption at the hotter temperatures, rather than increasing the efficiency that ingested nutrients were converted to growth. These results suggest that the 4th instar nymphs are at an intermediary size, where the hottest temperature is becoming stressful, but not to the point where it impedes growth. Similar to the other large size groups they shifted to a protein biased diet at 44°C, however, they were able to convert the ingested nutrients to higher growth whereas the other larger groups did not. It is unclear why the slightly smaller 6.C5F did not have a similar response to the 
L. migratoria 4th instar nymphs in nutrient utilisation efficiency. This study has shown it is important to examine questions relating to the interaction of temperature and growth (i.e. the TSR) in the context of both body size and nutritional requirements. By utilising a mixture of species, age and sex, these results show there is a consistent pattern where the interaction of body size and temperature impacts nutritional requirements and subsequent growth patterns. While the larger locusts had a varied growth response, the smaller locusts in this study mostly reversed the TSR, growing faster and to a final larger size at hotter temperatures. These results are similar to those found by Forster et al. (2012). In direct contrast, Klok and Harrison (2013) found that smaller ectothermic species mostly follow the TSR. Both reviews addressed nutrition by excluding studies with nutritional challenges, using only studies where animals were provided with ample quantities of their ‘preferred’ or supposed ‘optimal’ food (Forster et al. 2012; Klok and Harrison 2013). However, this approach does not account for potential changes in nutritional 
41 
requirements with temperature and body size. Assessing questions of 'diet quality' first requires knowledge of the animal’s nutritional needs at each temperature. For example, in the study by Diamond and Kingsolver (2010), caterpillars reversed the TSR when feeding on a ‘low-quality’ host plant. In this case the ‘low-quality’ plant may have suited their nutritional needs at hotter temperatures but not at lower temperatures, leading to the observed TSR reversal. Similarly, Lemoine and Burkepile (2012) have suggested that mismatches in metabolism and consumption rates lead to a decline in urchin fitness. However, as urchins were fed only a single sea grass, consumption rates may not have captured changes where nutritional requirements have not been met. The current study clearly shows that when smaller locusts have the opportunity to select and obtain their required nutrients, they can optimise both development time and growth at hotter temperatures. If environmental temperatures continue to rise as rapidly as predicted (Kirtman et al. 2013), larger insects will be more reliant on behavioural thermoregulation to find cooler microclimates and avoid the high temperatures that may otherwise hinder performance. While there are many factors that indicate that ‘bigger is better’ (Kingsolver and Huey 2008), this study found a clear impact of large body size negatively affecting the parameters tested at hotter temperatures. Conversely, smaller insects may benefit from rising temperatures if they are able to meet their nutritional requirements, both growing larger and faster with hotter temperatures. Selecting hotter temperatures may mean smaller insects can increase their fitness by producing more generations per season, and potentially increasing their reproductive output if they are able to grow larger. Comparing the thermoregulatory 
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behaviour of smaller and larger insects in thermally heterogeneous environments may therefore reveal different patterns of temperature selection. Changes in the thermal environment may result in smaller and larger sizes altering habitat choice, to find suitable microclimates and food resources. Consequently, differences in thermal preference and temperature limits between different sized animals could lead to changes in community composition with impending climate change.  
Table 2.1. Linear regression equations for each size group used to calculate the initial dry weight of locusts. Locusts from each representative size group were weighed after ecdysis into the appropriate instar, and then re-weighed after being lyophilised.  
Size Group Linear Regression Equation R2 1.L2M y = 0.1593x + 0.0017 0.874 2.C4M y = 0.2119x + 0.0022 0.838 3.C4F y = 0.1826x + 0.0044 0.755 4.L3M y = 0.2083x + 0.0012 0.784 5.C5M y = 0.2633x + 0.0006 0.877 6.C5F y = 0.2299x + 0.0050 0.799 7.L4M y = 0.2432x - 0.0011 0.598 8.L4F y = 0.2234x + 0.0032 0.729 9.L5M y = 0.3032x - 0.0167 0.728 10.L5F y = 0.3326x - 0.0403 0.927 
Table 2.2. P values for Tukey’s HSD pairwise comparisons where a significant effect of temperature was found for the dependent variables, total food consumed and final dry weight, when comparing across body size.  
Tukey’s HSD pairwise comparisons P value 
Total food consumed  32°C < 38°C 0.020 32°C < 44°C 0.010 38°C = 44°C 0.941 
Final dry weight  32°C < 38°C 0.017 32°C = 44°C 0.498 38°C = 44°C 0.288 
Table 2.3. Statistical results (F and P values) for the total food consumed of each size group given temperature. See Fig. 2.10a for post hoc test results.  
Size Group Statistic n 1.L2M F(2,44) = 6.17, P = 0.004 47 2.C4M F(2,44) = 3.33, P = 0.045 47 3.C4F F(2,39) = 5.72, P = 0.007 42 4.L3M F(2,44) = 2.99, P = 0.060 47 5.C5M F(2,42) = 15.35, P < 0.001 45 6.C5F F(2,47) = 0.58, P = 0.563 50 7.L4M F(2,44) = 15.33, P < 0.001 47 8.L4F F(2,42) = 11.44, P < 0.001 45 9.L5M F(2,43) = 2.06, P = 0.140 46 10.L5F F(1,25) = 6.38, P = 0.020 26   Table 2.4. Statistical results (F and P values) for the intake rate of each size group given temperature. See Fig. 2.10b for post hoc test results.  
Size Group Statistic n 1.L2M F(2,44) = 60.65, P < 0.001 47 2.C4M F(2,44) = 22.60, P < 0.001 47 3.C4F F(2,39) = 38.42, P < 0.001 42 4.L3M F(2,44) = 19.99, P < 0.001 47 5.C5M F(2,42) = 30.09, P < 0.001 45 6.C5F F(2,47) = 8.85, P = 0.001 50 7.L4M F(2,44) = 33.50, P < 0.001 47 8.L4F F(2,42) = 16.79, P < 0.001 45 9.L5M F(2,43) = 7.59, P < 0.001 46 10.L5F F(1,25) = 8.02, P = 0.009 27 
Table 2.5. Statistical results (F and P values) for the ratio of carbohydrate:protein ingested by each size group given temperature, run as an ANCOVA of carbohydrate intake using protein intake as the covariate. See Fig. 2.10c for post hoc test results.  
Size Group Statistic Covariate n 1.L2M F(2,43) = 10.20, P < 0.001 F(1,43) = 0.18, P = 0.672 47 2.C4M F(2,43) = 1.98, P = 0.150 F(1,43) = 13.32, P = 0.001 47 3.C4F F(2,38) = 5.94, P = 0.006 F(1,38) = 2.81, P = 0.102 42 4.L3M F(2,43) = 1.87, P = 0.166 F(1,43) = 8.96, P = 0.005 47 5.C5M F(2,41) = 26.23, P < 0.001 F(1,41) = 2.45, P = 0.125 45 6.C5F F(2,46) = 7.60, P = 0.001 F(1,46) = 2.04, P = 0.160 50 7.L4M F(2,43) = 1.60, P = 0.215 F(1,43) = 6.43, P = 0.015 47 8.L4F F(2,40) = 13.90, P < 0.001 F(1,40) = 11.13, P = 0.002 44 9.L5M F(2,42) = 3.24, P = 0.049 F(1,42) = 0.88, P = 0.353 46 10.L5F F(1,24) = 6.17, P = 0.020 F(1,24) = 0.11, P = 0.749 27 
Table 2.6. Statistical results (F and P values) for the final dry weight of each size group given temperature. All size groups were run as an one-way ANOVA, except for the 1.L2M which were run as an ANCOVA using initial dry weight as the covariate due to differences in initial dry weights. See Fig. 2.10d for post hoc test results.  
Size Group Statistic n 1.L2M F(2,43) = 3.74, P = 0.032 47 
Covariate F(1,43) = 7.07, P = 0.011  2.C4M F(2,43) = 7.17, P = 0.002 46 3.C4F F(2,39) = 1.14, P = 0.329 42 4.L3M F(2,43) = 6.62, P = 0.003 46 5.C5M F(2,41) = 9.96, P < 0.001 44 6.C5F F(2,45) = 0.88, P = 0.423 48 7.L4M F(2,42) = 6.35, P = 0.004 45 8.L4F F(2,41) = 9.99, P < 0.001 44 9.L5M F(2,41) = 2.93, P = 0.065 44 10.L5F F(1,24) = 3.32, P = 0.081 26   Table 2.7. Statistical results (F and P values) for the growth rate of each size group given temperature. See Fig. 2.10e for post hoc test results.  
Size Group Statistic n 1.L2M F(2,44) = 27.88, P < 0.001 47 2.C4M F(2,43) = 19.96, P < 0.001 46 3.C4F F(2,39) = 5.02, P = 0.011 42 4.L3M F(2,43) = 15.25, P < 0.001 46 5.C5M F(2,41) = 17.50, P < 0.001 44 6.C5F F(2,45) = 2.65, P = 0.082 48 7.L4M F(2,42) = 11.39, P < 0.001 45 8.L4F F(2,41) = 10.56, P < 0.001 44 9.L5M F(2,41) = 1.25, P = 0.297 44 10.L5F F(1,24) = 3.13, P = 0.090 26 
Table 2.8. Statistical results (F and P values) for carbohydrate utilisation efficiency of each size group given temperature, run as an ANCOVA of lipid growth using carbohydrate intake as the covariate. See Fig. 2.10f for post hoc test results.  
Size Group Statistic Covariate n 1.L2M F(2,42) = 1.34, P = 0.273 F(1,42) = 0.59, P = 0.448 46 2.C4M F(2,40) = 1.16, P = 0.323 F(1,40) = 0.75, P = 0.390 44 3.C4F F(2,38) = 0.58, P = 0.566 F(1,38) = 0.86, P = 0.360 42 4.L3M F(2,42) = 7.05, P = 0.002 F(1,42) = 9.77, P = 0.003 46 5.C5M F(2,39) = 1.19, P = 0.316 F(1,39) = 19.94, P < 0.001 43 6.C5F F(2,45) = 1.18, P = 0.317 F(1,45) = 10.15, P = 0.003 49 7.L4M F(2,43) = 2.96, P = 0.062 F(1,43) = 10.45, P = 0.002 47 8.L4F F(2,37) = 0.27, P = 0.767 F(1,37) = 2.36, P = 0.133 41 9.L5M F(2,39) = 1.75, P = 0.187 F(1,39) = 15.02, P < 0.001 43 10.L5F F(1,23) = 1.97, P = 0.174 F(1,23) = 2.88, P = 0.103 26   Table 2.9. Statistical results (F and P values) for protein utilisation efficiency of each size group given temperature, run as an ANCOVA of non-lipid growth using protein intake as the covariate. See Fig. 2.10g for post hoc test results.  
Size Group Statistic Covariate n 1.L2M F(2,42) = 11.02, P < 0.001 F(1,42) = 32.82, P < 0.001 46 2.C4M F(2,39) = 4.81, P = 0.014 F(1,39) = 7.14, P = 0.011 43 3.C4F F(2,38) = 1.41, P = 0.257 F(1,38) = 7.70, P = 0.009 42 4.L3M F(2,41) = 2.43, P = 0.101 F(1,41) = 23.73, P < 0.001 45 5.C5M F(2,38) = 7.93, P = 0.001 F(1,38) = 12.72, P = 0.001 42 6.C5F F(2,43) = 2.09, P = 0.137 F(1,43) = 8.65, P = 0.005 47 7.L4M F(2,41) = 2.94, P = 0.064 F(1,41) = 20.23, P < 0.001 45 8.L4F F(2,37) = 2.47, P = 0.099 F(1,37) = 13.23, P = 0.001 41 9.L5M F(2,39) = 19.33, P < 0.001 F(1,39) = 23.99, P < 0.001 43 10.L5F F(1,23) = 0.10, P = 0.751 F(1,23) = 10.84, P = 0.003 26 
Table 2.10. Statistical results (F and P values) for the stadium duration of each size group given temperature. See Fig. 2.10h for post hoc test results.  
Size Group Statistic n 1.L2M F(2,44) = 32.00, P < 0.001 47 2.C4M F(2,44) = 33.66, P < 0.001 47 3.C4F F(2,39) = 10.65, P < 0.001 42 4.L3M F(2,44) = 24.30, P < 0.001 47 5.C5M F(2,42) = 26.27, P < 0.001 45 6.C5F F(2,47) = 6.54, P = 0.003 50 7.L4M F(2,44) = 9.22, P < 0.001 47 8.L4F F(2,42) = 8.72, P = 0.001 45 9.L5M F(2,43) = 8.08, P = 0.001 46 10.L5F F(1,25) = 0.04, P = 0.843 27  
  
 
 
 Fig. 2.1. Shorthand coding and images of locusts from each size group in ascending order of developmental stage. The first number indicates the size groups rank in size order, ‘L’ or ‘C’ refers to species (L. migratoria and 
C. terminifera respectively), the second number refers to instar age and the final letter refers to sex (M: male; F: female).  Note that the 5th instar is the final nymphal stage for both species.    
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  Fig. 2.2. Percent of locusts within each size group surviving at each temperature.   
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  Fig. 2.3. Relationship between body size and total food consumed across three test temperatures. The scatterplot is of mean values for each size group across temperatures; plotting log10 initial dry weight against log10 total food consumed.   
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  Fig. 2.4. Relationship between body size and intake rate (mg eaten/day) across three test temperatures. The scatterplot is of mean values for each size group across temperatures; plotting log10 initial dry weight against log10 intake rate.   
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  Fig. 2.5. Relationship between body size and carbohydrate:protein ratio across three test temperatures. The scatterplot is of mean values for each size group across temperatures; plotting log10 initial dry weight against C:P ratio. A broken stick regression has been applied to 44°C.   
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  Fig. 2.6. Relationship between body size and final dry weight across three test temperatures. The scatterplot is of mean values for each size group across temperatures; plotting log10 initial dry weight against log10 final dry weight.   
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  Fig. 2.7. Relationship between body size and growth rate (mg dry weight growth/day) across three test temperatures. The scatterplot is of mean values for each size group across temperatures; plotting log10 initial dry weight against log10 growth rate. A broken stick regression has been applied to 44°C.   
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  Fig. 2.8. Carbohydrate utilisation efficiency plot, showing the effect of temperature on the efficiency that carbohydrate is converted to lipid growth. The scatterplot is of mean values for each size group across three temperatures; plotting log10 carbohydrate consumed against log10 lipid growth.   
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  Fig. 2.9. Protein utilisation efficiency plot, showing the effect of temperature on the efficiency that protein is converted to non-lipid growth. The scatterplot is of mean values for each size group across three temperatures; plotting log10 protein consumed against log10 non-lipid growth.   
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Fig. 2.10. (overleaf) Matrix of results figures for each size group over three temperatures. Each row of figures is a separate test result, while rows of figures are arranged in size group order from smallest to largest, with size group listed along the top of the matrix. Figure Y-axes titles are listed at the start of each row of figures. All results except for stadium duration have been standardised to between 0 and 1 to ensure Y-axes have the same scale. Results row figures are: a) total food consumed (mean ± SE); b) intake rate (mean ± SE); c) ratio of carbohydrate:protein selected using ANCOVA adjusted means of carbohydrate eaten with the amount of protein eaten as the covariate; d) final dry weight (mean ± SE), however the final dry weight for 1.L2M are ANCOVA adjusted means (± SE) using initial dry weight as the covariate, due to initial weights differing in one treatment group; e) growth rate (mean ± SE); f) carbohydrate utilisation efficiency: showing the conversion efficiency of carbohydrate intake to lipid storage, using ANCOVA adjusted means (± SE) of carcass lipid content with carbohydrate eaten as the covariate; g) protein utilisation efficiency: showing the conversion efficiency of protein intake to lipid-free somatic growth, using ANCOVA adjusted means (± SE) of lipid-free carcass dry weight with protein eaten as the covariate, and h) length of stadium duration in days (mean ± SE). Results that were not significant are indicated by NS on the graph, while letters above graphs indicate results of Tukey's HSD post hoc tests. Different letters indicate a significant difference (Tukey's P < 0.05). 
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Chapter 3 
 
The influence of body size and temperature 
on nutrient absorption 
 44 
Summary Nutrient acquisition in herbivorous insects is defined by their capacity to extract and absorb nutrients from plants. The ability to rupture cells and release digestible contents is affected by the anatomical structure of the leaf and the mandible structure of the insect, with smaller food particles typically increasing nutrient absorption. Nutritional requirements (amount and ratio of protein and carbohydrate) were shown to change with both body size and temperature in Chapter 2, where increases in body size and temperature resulted in an increased need for carbohydrate. Growth outcomes can be affected by whether an individual can meet their nutritional requirements and the rearing temperature they experience. Additionally, body size is likely to affect growth outcomes for herbivorous insects, as mandible size will affect nutrient acquisition and absorption. In the present chapter I aimed to investigate whether nutrient absorption in locusts was affected by body size and temperature, and whether the food particle size produced by different sized mandibles reflected patterns of nutrient absorption. The absorbed nutrients were compared to the locusts’ nutritional requirements found in Chapter 2, and consequently how patterns of growth varied. Two species of locusts, 
Chortoicetes terminifera and Locusta migratoria, were used to generate a range of size classes. The locusts were fed on either wheat grass (Triticum aestivum) or kangaroo grass (Themeda triandra) at either 32°C or 38°C. The results showed that smaller locusts had higher nutrient absorption efficiency than larger locusts, however, the patterns of protein and carbohydrate absorption varied between grasses. Particle size showed an overall pattern of smaller particles in smaller locusts. The fact that smaller particles did not equate to increased nutrient absorption highlighted that the anatomical structure of grass and mandible structure are important factors for nutrient absorption in addition to particle size. Growth varied depending on how the absorption of nutrients related to nutritional requirements. These results show the importance of considering nutrient extraction and absorption in studies of herbivore performance. 
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Introduction Herbivorous insects encounter a nutritionally heterogeneous environment, due to variation between and within plants (Chapin 1980; Knapp and Smith 2001; Mattson 1980; Scriber and Slansky 1981), in addition to variation in an individual’s ability to extract and acquire nutrients (Clissold 2007). For herbivorous insects it has been shown that obtaining a specific amount and ratio of the macronutrients protein and carbohydrate (rather than total energy) will maximise overall performance (Simpson and Raubenheimer 1993; Simpson and Raubenheimer 2012). Additionally, it was shown in Chapter 2 that temperature and body size affect the ratio of protein to carbohydrate required by locusts, with diets becoming more carbohydrate biased with increasing body size and temperature, if temperatures were not excessively high. In this chapter I aimed to investigate whether nutrient absorption in an herbivorous insect was affected by body size or temperature. In addition, I aimed to determine if the food particle size produced by the mandibles correlated with the observed patterns of nutrient absorption. How nutrient absorption related to the insect’s nutritional needs and subsequent growth patterns were also investigated. Recent research has shown that when insects are feeding on plants, nutrients are not attained in the amounts or ratios that are ingested (Barbehenn 
et al. 2014; Barbehenn et al. 2004; Bennack 1981; Clissold et al. 2013; Clissold et 
al. 2004; 2006; Clissold et al. 2009). It has been shown that nutrient absorption can be affected by both temperature (Clissold et al. 2013) and body size (Clissold et al. 2006). For instance, temperature was found to affect the ratio of nutrients that locusts absorbed from kangaroo grass (Themeda triandra), where locusts absorbed carbohydrate more efficiently at 32°C and protein more 
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efficiently at 38°C (Clissold et al. 2013). Younger, hence smaller, locusts have been found to have higher nutrient assimilation efficiency than older locusts (Clissold et al. 2006). In particular, the decline in efficiency in older, larger locusts was mostly due to the larger locusts being relatively inefficient at absorbing carbohydrate from the grass (Clissold 2003). Differences in nutrient absorption are due to the insect’s ability to release nutrients from the plant, which is affected by the size and arrangement of plant cell walls, rather than solely due to differences in plant chemistry (Barbehenn et al. 2014; Clissold et 
al. 2006). An individual’s body size will influence its ability to extract nutrients, as mandible size and structure influence the food particles that are produced (reviewed Bernays et al. 1991; Clissold 2007) and hence an insect’s ability to rupture plant cells. Many insects are not able to digest plant cell walls and instead rely on cell contents such as proteins, amino acids and sugars for their nutrient supply (Clissold et al. 2004; Martin et al. 1991). The majority of insects need to damage the plant cell walls with mandibles to release the nutrients for absorption and digestion (Clissold 2007; Hochuli 1996). Analogous to mammalian teeth, insect mandibles have an incisor region and a molar region, with the structure often varying according to the type of vegetation eaten (Bernays 1998; Bernays et al. 1991). Mandible structure influences the degree to which an insect can fractionate a leaf and liberate the cell contents (Clissold 2007; Sanson 2006). Unlike mammals, insects do not continue to chew their food once initially broken down into particles. The size of food particles produced by an insect is therefore important for extraction and absorption of 
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nutrients, as smaller particles with their larger relative surface area typically result in higher absorption (Bjorndal et al. 1990; Clissold et al. 2004; 2006).  Growth in insects is affected by both temperature and nutrition. Ectotherms are thought to typically follow the temperature-size rule, where animals grow slower but to a final larger size at cooler temperatures (Atkinson 1994). However, many exceptions occur where animals reverse the trend or show no effect of temperature on growth (Bauerfeind and Fischer 2013; Clissold 
et al. 2013; Diamond and Kingsolver 2010; Lemoine et al. 2013). Often the studies do not measure the nutritional requirements of the animal or what they are specifically absorbing from the plant (Bauerfeind and Fischer 2013; Diamond and Kingsolver 2010; Lemoine et al. 2013). Chapter 2 showed that when smaller locusts can meet their nutritional requirements, both faster growth and a larger final size at hotter temperatures can be achieved. Therefore, it is important to consider both an individual’s nutritional requirements in addition to their ability to extract and absorb nutrients. Larger individuals may be disadvantaged due to an increased need for carbohydrate as both body size and temperature increases, in addition to a reduced ability to extract and absorb nutrients efficiently. Two species of locust, Chortoicetes terminifera (Australian plague locust) and Locusta migratoria (migratory locust), and two species of grass (Triticum 
aestivum and T. triandra) were used to compare protein and carbohydrate absorption across a range of body sizes. In addition, nutrient absorption was tested at two temperatures, to determine if nutrient absorption differed with temperature. Food particle size production and mandible structures were measured across body size and compared to nutrient absorption, to ascertain 
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whether patterns of absorption correlate with food particle size and mandible measures. Patterns of growth across body size were measured in relation to nutrient absorption and nutritional requirements. Both species of grass are a potential food source encountered by locusts and other insect herbivores, as T. 
aestivum is a common cropping plant in agriculture (ABARES 2014) and T. 
triandra is a widespread native grass (Jacobs et al. 2008).  
Methods 
Locusts Both L. migratoria and C. terminifera were from the stock cultures as described in Chapter 2, reared on seedling T. aestivumi and wheat germ. Five different size groups of male only locusts were used to determine if nutrient absorption and subsequent growth differ with temperature and grass species over the length of a single stadium. Size groups will be referred to by shorthand coding, outlined in Chapter 2. For example, the smallest size group - L. migratoria second instar - is referred to as 1.L2. The size groups used in size order were as follows: 1.L2, 2.C4, 3.L3, 4.C5 and 5.L5. Experimental replicates were conducted over several months: May – August 2012.  
Experimental containers & feeding vials Containers were modified clear plastic jars (Fig. 3.1a) with air holes for ventilation. The lid of the jar contained a hole for a feeding vial of fresh grass to be inserted. Feeding vials were tubes with rubber lids used in the cut flower industry (Fig. 3.1b). Grass blade bases were inserted through the rubber lid and the ends wrapped in wet cotton wool before being inserted into the vial of 
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distilled water, to prevent blades from drying out or changing in protein and carbohydrate content (Clissold et al. submitted). Small cuts were made to rubber lids in some cases where meal sizes were very large, to prevent the rubber lid from being too constrictive on the grass blades, avoiding blades drying out.  
Protocol Each locust was collected within 4 h of moulting and weighed to the nearest 0.01 mg before being placed into an individual container. Locusts were allocated to one of two temperature treatments: 32°C or 38°C. Those locusts at 32°C were conducted in a temperature-controlled room kept at 30.5-33.5°C. While locusts at 38°C were conducted in either a Certomat H incubator (B. Braun, Melsungen, Germany) or a Styrofoam box (50L x 30W x 25H cm, internal measurements) housing a Hova Bator incubator element with circulation fan (G.Q.F. Manufacturing Co., Savannah, USA) located within the temperature controlled room. Each locust was then allocated to a grass species, either T. triandra (kangaroo grass) or T.  aestivum (seedling wheat grass), to be fed throughout the entire stadium duration. T. triandra was collected fresh daily from plants located on the Sydney University campus, or from a local park in Sydney. Seedling T. aestivum was collected fresh daily from plants grown within a greenhouse located on the grounds of Sydney University. Fresh weighed grass was provided daily to each individual locust until ecdysis. Each grass meal was collected and patted dry to ensure any excess moisture was removed before being weighed to the nearest 0.01 mg and placed into the individual’s feeding vial. As each locust’s meal was replaced daily, any 
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remaining food and faeces from the previous day’s meal were collected and later lyophilised to a constant dry weight. Upon moulting to the next instar, locusts were collected and lyophilised to determine their final dry weight. Growth was determined from an estimated initial dry weight. Initial dry weights were calculated using linear regression equations (Table 3.1). These were calculated from a subset of samples of each size group that were weighed and killed within 4 h after ecdysis into the appropriate instar, before being lyophilised and re-weighed. Stadium duration was calculated to the nearest half day depending on whether locusts moulted before or after midday. Body lipid was extracted from locusts in three 24-h submersions of fresh chloroform. Locust carcasses were lyophilised and re-weighed to determine the amount of lipid growth. Intake was calculated using an estimate of the initial dry weight of food offered to locusts. The initial dry weight estimate was calculated using linear regressions of wet weight to dry weight, from control grass samples collected daily. Daily intake was calculated from the mass difference between the estimated initial dry weight less the remaining food dry weight.   
Chemical analysis A subset of the control grass samples taken daily were used to measure the percent of protein and carbohydrate contained in each grass. Samples were lyophilised and finely ground prior to nutrient analysis. Total intake of protein and carbohydrate was calculated from daily food intake, using the daily percent of protein and carbohydrate found in the grasses. Faeces were combined, finely 
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ground and measured for protein and carbohydrate content. Hence, protein and carbohydrate absorption throughout the stadium was calculated from the estimate of nutrients consumed less nutrients remaining in the faeces. Protein was extracted from 10 mg samples with a 30 min period of sonication using 1 ml of 0.1 mol l-1 NaOH, followed by heating at 90°C for 1 h. Samples were measured using the Bio-Rad Protein Microassay for Microtiter Plates based on the Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA). Carbohydrate (non-structural) was extracted from 10 mg samples using 1 ml of 0.1 mol l-1 H2SO4 in a boiling water bath for 1 h (Smith et al. 1964). The phenol-sulphuric acid assay was used to measure the samples colourimetrically (Dubois 
et al. 1956).  
Food particle measurement Locusts from each size group were collected within 4 h of moulting (day 0) and placed into individual experimental containers (as described above, Fig. 3.1). Locusts were allocated to 32°C or 38°C and either T. triandra or T. aestivum for their treatment groups. Each locust was fed the appropriate grass daily until dissection. Dissections were conducted on day 1 of the stadium for 1.L2, 2.C4 and 3.L3 due to their short stadium duration (< 4 days). The 4.C5 and 5.L5 were dissected on day 2 of their stadium. On dissection days, after a locust was seen to complete a grass meal it was removed from the experimental room and placed in the fridge to slow gut movement. Foregut contents were dissected completely and placed in formalin for a week, followed by washes of 50% ethanol and 60% ethanol. 
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Food particle measurement parameters were quantified using the Camsizer XT machine with the X-Flow wet dispersion module (Retsch Technology GmbH, Haan, Germany). The Camsizer XT with X-Flow was used to enable fast and accurate processing of gut particle samples, as other methods used for particle analysis either provide only basic size information (e.g. sieving Freudenberger 1992) or are extremely time consuming when measuring a large number of replicates (e.g. Logan and Sanson 2000). The particle parameters compared were: particle “size”, particle length and particle width. The Camsizer software calculates “size” by measuring a particle’s area and converting it into a circle of the same area, and then uses the diameter of the equivalent circle as a proxy for “size”. A current limitation of the software is its inability to provide data for the area of the particle rather than the “size” measure. Despite this limitation, the particle “size” parameter provides a measure to compare the general patterns of particle size. The Camsizer XT uses two cameras to capture images of grass particles dispersed in distilled H20, which circulates past the cameras. A zoom camera captures the smallest particles, while a second camera with a wider field of view captures the larger particles. Images were captured at a rate of approximately 277 images per second and analysed using dynamic digital image processing. The software provides data for the X-Flow module in the form of frequency distributions of particles occurring within available particle measurement parameters.  
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Mandible measurements During gut sample dissection the right mandible of each locust was removed and later photographed with a dissecting microscope. Each mandible was positioned and then photographed twice to ensure both the incisor and molar region were in focus. Image J (Schneider et al. 2012) was used to analyse the measurements of the mandible: incisor length, molar length, molar width and distances between molar ridges (Fig. 3.2).  
Grass sections Hand cut sections of both wheat grass and kangaroo grass were taken and photographed under a compound microscope. The grass sections were used to compare grass cell structure to mandible and particle size measurements.  
Data analysis Box plots and Levene’s tests were used to check data for homogeneity of variances and Kolmogorov-Smirnov tests were used to test for normality. Grass chemistry was checked for changes between trial weeks, resulting in a small subset of kangaroo grass data being removed from all analyses. Analyses were conducted separately for each grass to remove the excess variation caused when analysing grasses together, as the large differences in grass chemistry resulted in any patterns occurring within a grass species being masked. All data were analysed in SYSTAT 12 (Systat Software, Chicago Illinois, USA).   
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Grass chemistry analysis The water, protein and carbohydrate content of wheat grass and kangaroo grass were compared using ANOVA. 
 
Across body size analysis Protein and carbohydrate absorption efficiency was compared between the size groups using ANCOVA of log10 transformed data with total food eaten as the covariate and temperature as a fixed factor. A full model ANCOVA was conducted for each test to check for homogeneity of slopes. The ratio of P:C absorbed by each size group was analysed with an ANOVA, using size group and temperature as the fixed factors. Mandible measurements of the size groups were compared using ANOVAs. The particle size results were compared visually with frequency distribution plots. 
 
Within size group analysis Size groups were analysed separately for each grass. Protein and carbohydrate absorption, total food consumed, intake rate (mg dry weight eaten/day), final dry weight, growth rate (mg dry weight growth/day) and stadium duration were analysed using ANOVA with temperature as the factor. The efficiency that carbohydrate was converted to lipid growth across the stadium was analysed with an ANCOVA, with lipid growth as the dependent variable and carbohydrate absorbed as the covariate. Protein utilisation efficiencies were analysed with ANCOVAs, using non-lipid growth as the dependent variable and protein absorbed as the covariate.   
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Results 
Grass chemistry Water content differed between grasses (F(1,80) = 1350.92, P < 0.001), with wheat having 30% higher water content than kangaroo grass (Table 3.2). Protein concentration was 66% higher in wheat grass than in kangaroo grass (F(1,80) = 1649.08, P < 0.001) (Table 3.2); while carbohydrate was 11% higher in kangaroo grass than wheat grass (F(1,80) = 153.77, P < 0.001) (Table 3.2). The ratio of P:C in wheat was 1.8:1 and 1:1.87 in kangaroo grass.  
Across size group absorption efficiencies  There was no effect of temperature on the efficiency of nutrient absorption for either grass species (all P > 0.05). The protein absorption efficiency differed statistically significantly between size groups when feeding on wheat grass (F(4,102) = 4.20, P = 0.003, covariate F(1,102) = 861.22, P < 0.001). The three smallest size groups, 1.L2, 2.C4 and 3.L3, were more efficient at absorbing protein than the two largest size groups, 4.C5 and 5.L5 (Fig. 3.3). Additionally, the 1.L2 group was not statistically significantly different to any size group (Tukey’s HSD P > 0.05), which is likely due to high variance within the 1.L2. Carbohydrate absorption efficiency showed a distinct pattern when locusts were feeding on wheat grass (Fig. 3.4). All size groups differed statistically significantly in the efficiency that carbohydrate was absorbed, with absorption efficiency decreasing with increasing size group (F(4,101) = 9.58, P < 0.001, covariate F(1,103) = 344.68, P < 0.001; Tukey’s HSD P < 0.05 for all pairwise comparisons). 
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The locusts that were fed kangaroo grass differed statistically significantly in the efficiency that protein was absorbed (F(4,94) = 15.62, P < 0.001; covariate 
F(1,94) = 265.06, P < 0.001), where protein absorption efficiency decreased with increasing locust size (Fig. 3.5). Only the 2.C4 and 3.L3 were equally efficient at absorbing protein (Tukey’s HSD P > 0.05). Size groups differed statistically significantly in carbohydrate absorption efficiency (F(4,85) = 6.97, P < 0.001; covariate F(1,85) = 42.86, P < 0.001), with a similar pattern to wheat grass of decreasing absorption efficiency as size groups increase (Fig. 3.6). The 3.L3 and 4.C5 were equally efficient at absorbing carbohydrate (Tukey’s HSD P > 0.05), while all other size groups differed in carbohydrate absorption efficiency (Tukey’s HSD P < 0.05). There was a statistically significant difference between size groups for the ratio of P:C absorbed when locusts were consuming wheat grass (F(4,104) = 8.83, 
P < 0.001). Overall the ratio of P:C absorbed became more protein biased as size group increased (Fig. 3.7). Temperature had no effect on the ratio of P:C absorbed (F(1,104) = 0.12, P = 0.732). For locusts feeding on kangaroo grass, there was a statistically significant interaction between size group and temperature for the ratio of P:C absorbed (F(4,83) = 2.97, P = 0.024). The 3.L3 absorbed a ratio of P:C that was higher in protein at 32°C than at 38°C (Fig. 3.8). The general pattern observed across the size groups was similar to wheat grass, whereas size group increased the ratio of P:C absorbed became more protein biased (Fig. 3.8).  
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Food particle measurements Temperature had no effect on any particle size measurement and will not be discussed for the remainder of the results (Fig. 3.9, 3.11 & 3.13). For each of the food particle measurements, the frequency distributions showed a bimodal pattern, where all size groups had many particles with small measurements and some size groups had other particles with larger measurements.  
Particle ”size” All size groups produced particles with a “size” measurement smaller than 200 
µm (Fig. 3.9 a,c,e,g,i). Additionally, all size groups except the 5.L5 produced larger particles between 200-1500 µm (Fig. 3.9 b,d,f,h,j). Within each size group, between 200-1500 µm, locusts feeding on wheat grass produced larger particles than those feeding on kangaroo grass. Comparing particles with “sizes” larger than 200 µm between size groups showed different patterns for each grass (Fig. 3.10). Locusts feeding on wheat grass showed a pattern of particle “size” increasing as locust size increased (Fig. 3.10 a & b). The pattern differed somewhat for locusts on kangaroo grass, with the two smallest groups (1.L2 and 2.C4) producing the smallest particles and the 3.L3 and 4.C5 producing the biggest particles (Fig. 3.10 c & d).   
Particle length Each size group produced particles of both short length (< 400 µm) and long length (> 3000 µm) (Fig. 3.11). In addition, all size groups except the 5.L5 produced particles with lengths between 500-2500 µm (Fig. 3.11 b,d,f,h,j). Locusts within each size group feeding on wheat grass produced particles 
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longer than locusts feeding on kangaroo grass in the range of 500-2500 µm (Fig. 3.11 b,d,f,h,j). Comparing between size groups for particle length between 500-2500 µm, both wheat and kangaroo grasses showed similar patterns, where the 1.L2 and 2.C4 produced particles of smaller length, while the 3.L3 and 4.C5 produced particles of a longer length (Fig. 3.12).  
Particle width All size groups produced particles with widths less than 150 µm (Fig. 3.13). Where size groups produced particles with widths larger than 150 µm they also showed similar patterns to particle lengths, where wheat grass particles had larger widths than kangaroo grass particles (Fig. 3.13). The larger size groups 4.C5 and 5.L5 appeared to not produce wheat grass particles wider than 200 
µm, while only the 5.L5 did not produce wider particles (> 200 µm) when eating kangaroo grass. Comparing particle widths between size groups shows similar patterns to the other particle size measures, where the smaller groups produced smaller widths than the larger groups for both grasses (Fig. 3.14).  
Mandible measurements Incisor length differed statistically significantly between size groups (F(4,45) = 454.80, P < 0.001), with incisor length increasing with locust size (Fig. 3.15). The 1.L2 and 2.C4 had the smallest incisor length, while the 5.L5 had the largest incisor length (Tukey’s HSD P < 0.05) (Fig. 3.15). Molar width was statistically significantly different between size groups (F(4,45) = 324.12, P < 0.001), showing a pattern of increasing molar width with increasing locust size (Fig. 3.16). The 3.L3 and 4.C5 did not differ in both incisor length and molar width, and were 
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intermediary between the other size groups. Distances between the molar gaps showed a similar overall pattern to incisor length and molar width, with gap distance increasing with size group (Gap 1: F(4,45) = 47.22, P < 0.001; Gap 2: 
F(4,45) = 85.41, P < 0.001; Gap 3: F(4,45) = 171.38, P < 0.001) (Fig. 3.17).  
Grass sections The particle width measurements and molar gap width measurements were compared against representative grass sections (Fig. 3.18). Kangaroo grass cells appear smaller and more closely packed than cells in wheat grass. How the particle and molar measurements relate to grass structure will be discussed.  
Within size groups  
Wheat grass Both protein and carbohydrate absorption did not differ between temperatures for all size groups feeding on wheat grass (Table 3.3 & 3.4 respectively), but patterns of absorption (Fig. 3.19) tended to follow the patterns of total grass consumed (Fig. 3.20a). The two smallest groups, 1.L2 and 2.C4, did not differ in the amount of wheat grass they consumed at each temperature, while the three largest groups all consumed statistically significantly more wheat at 38°C than at 32°C (Table 3.5, Fig. 3.20a). Intake rates were statistically significantly faster at 38°C than 32°C (Table 3.6, Fig. 3.20b). Locusts feeding on wheat grass varied in their response of final size to temperature (Table 3.7, Fig. 3.20c). Both the 2.C4 and 3.L3 had a statistically significant final larger size at 38°C than 32°C, while the remaining size groups showed no difference in final size between temperatures. All size groups had a statistically significantly higher growth rate 
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at 38°C compared to 32°C (Table 3.8, Fig. 3.20d). Carbohydrate utilisation efficiency (efficiency of carbohydrate conversion to lipid growth) did not differ between temperatures for the majority of size groups, except the 2.C4 (Table 3.9, Fig. 3.20e). However, the covariate was not statistically significant (Table 3.9). Protein utilisation efficiency (efficiency of protein conversion to non-lipid growth) differed in the 2.C4, with protein being converted to growth more efficiently at 38°C (Table 3.10, Fig. 3.20f). The 3.L3 had higher non-lipid growth at 38°C, but the covariate was not statistically significant (Table 3.10). All other size groups did not differ in protein utilisation efficiency (Table 3.10, Fig. 3.20f). All size groups completed their stadiums faster at 38°C than 32°C (Table 3.11, Fig. 3.20g).  
Kangaroo grass Nutrient absorption differed statistically significantly in the largest size group 5.L5, with both protein and carbohydrate absorption being higher at 38°C than 32°C (Table 3.3 & 3.4 respectively, Fig. 3.21e). The smaller size groups did not differ in nutrient absorption between temperatures (Table 3.3 & 3.4, Fig. 3.21). The 5.L5 consumed statistically significantly more total grass at 38°C compared to 32°C (Table 3.5, Fig. 3.22a). The remaining size groups showed no difference in total food consumed between temperatures (Table 3.5). All size groups had statistically significantly faster intake rates at 38°C compared to 32°C (Table 3.6, Fig. 3.22b). Locusts feeding on kangaroo grass showed no statistically significant difference in final dry weight (Table 3.7; Fig. 3.22c). The 1.L2, 3.L3 and 5.L5 all had statistically significantly higher growth rates at 38°C than 32°C 
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(Table 3.8, Fig. 3.22d). The 2.C4 and 4.C5 did not differ in their growth rates between temperatures (Table 3.8, Fig. 3.22d). The 5.L5 had a statistically significantly higher carbohydrate utilisation efficiency at 38°C than at 32°C (Table 3.9, Fig. 3.22e). The remaining size groups did not differ in carbohydrate utilisation efficiency between temperatures (Table 3.9, Fig. 3.22e). Protein utilisation efficiency did not differ between temperatures for all size groups (Table 3.10, Fig. 3.22f). Stadium durations were statistically significantly faster at 38°C than 32°C for all size groups (Table 3.11, Fig. 3.22g).  
Discussion Differences in nutrient absorption are potentially due to the particle size produced by the individual, in combination with the anatomical structure of the leaf, where smaller particles are likely to involve rupturing more cells and release more nutrients per meal than larger particles (Clissold 2007; Clissold et 
al. 2006). Various studies have demonstrated that differences in mandible size and structure can generate different particles (e.g. Barbehenn 2005; Bernays and Janzen 1988), which has been linked to insect growth and performance (Bernays and Janzen 1988). However, studies often do not measure nutrient absorption in relation to the particles produced (except see Barbehenn et al. 2014). The current study has shown that nutrient absorption efficiency declines with increasing body size. This result also corresponded to the overall pattern of particle measurements decreasing as body size and mandible size decreases. There was mostly no effect of temperature on nutrient absorption across size groups. The results from the current study highlight the importance of the interaction between grass structure and mandible structure influencing 
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patterns of protein and carbohydrate absorption and subsequent patterns of growth. Locusts feeding on wheat grass followed the predicted pattern of smaller locusts having a higher efficiency of nutrient absorption than larger locusts. However, the patterns of absorption efficiency differed between the macronutrients protein and carbohydrate. There was less difference in protein absorption efficiency between the small and large locusts, whereas carbohydrate absorption efficiency distinctly declined as locust size increased. The higher carbohydrate assimilation efficiency seen in smaller locusts may be due to their increased ability to rupture cell walls through smaller mandible structures and consequently smaller food particles. Clissold et al. (2006) found that carbohydrate assimilation was affected in 5th instar C. terminifera feeding on Mitchell Grass (Astrebla lappacea), due to the slower gut passage rates induced by the tough dry grass and the anatomical structure of the grass cell walls affecting the release of nutrients. The length of intermeal intervals and gut emptying rates are driven by protein (amino acid) levels in the haemolypmh (Abisgold and Simpson 1987; Simpson and Abisgold 1985), which, in combination with grass anatomical structure, can affect the amount of carbohydrate assimilated (Clissold et al. 2006). Unlike the grass used in the study by Clissold et al. (2006), wheat grass is a relatively soft grass and has a high water content. However, the relatively lower ability for larger locusts to absorb nutrients in combination with a high P:C ratio in wheat grass (1.8:1) may result in the larger locusts acquiring high amounts of protein. Hence, larger locusts may be experiencing gut passage rates that lead to poor carbohydrate assimilation compared to smaller locusts. 
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Nutrient absorption efficiency markedly declined as locust size increased for both protein and carbohydrate when feeding on kangaroo grass. Despite kangaroo grass having a lower P:C ratio than wheat grass (1:1.87 vs 1.8:1), larger locusts did not show greater efficiency of carbohydrate absorption, with the ratio of P:C absorbed becoming more protein biased as locust size increased (Fig. 3.8). In addition to nutrient composition, differences in plant structure should be considered along with particle size and mandible structure when investigating nutrient assimilation (Barbehenn 2005; Barbehenn et al. 2014; Clissold 2007; Clissold et al. 2009). Kangaroo grass food particles were smaller than wheat grass particles for all size groups. However, the smaller particles did not result in the larger locusts increasing their nutrient absorption efficiency compared to the smaller locusts. Similar to the current study, Barbehenn et al. (2014) found that caterpillars produced smaller food particles when feeding on a tougher plant, which did not equate to an increase in nutrient assimilation compared to less tough leaves. The caterpillars feeding on tough leaves had reduced protein assimilation, which could not be attributed to differences in overall leaf chemistry (Barbehenn et al. 2014). In the current study, the cells of kangaroo grass appear to be smaller than in wheat grass (Fig. 3.18). Consequently it may be harder for locusts to rupture the amount of cells that would be equivalent to the contents of a wheat grass cell. In addition, membranes and cell walls in less tough leaves such as wheat may be easier to rupture, resulting in different patterns of nutrient absorption between the two grasses. Although the 5th instar C. terminifera and L. migratoria produced kangaroo grass particles with smaller widths than the other size groups, the 
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larger distance between their molar ridges (Fig. 3.18) could result in less cells being ruptured and consequently reduced nutrient absorption efficiency in the larger locusts when feeding on kangaroo grass.  The particle measurement results showed that 5th instar L. migratoria produced particles that were either very short and narrow, long and narrow strips, or long and wide particles. The particle “size” data showed that these particles should have had a very small area. Potentially the “size” measure for the Camsizer XT did not record any larger “sizes” if they were larger than the range capable of the software. Hence, the lower nutrient absorption efficiency of the 5.L5 may be due to a combination of larger food particles that were not recorded and the larger mandibles not rupturing as many cells and membranes as the smaller locusts, or the difference relates to aspects of gut morphology and volume (Reynolds et al. 1985). Little is currently known about how mandible morphology might rupture cells and membranes (Barbehenn 2005; Clissold 2007). Clissold (2007) suggests that grasshopper molar ridges align with leaf veins; hence smaller mandibles are potentially able to crush open more cells of a vascular bundle. However, the morphology of the mandible must also be considered, as Barbehenn (2005) found that a smaller grasshopper failed to crush open as many bundle sheath cells as a larger grasshopper, suggesting mandible size and particle size is not always the most influential factor in nutrient extraction. Mandible structure can, for instance, result in grass blades shearing apart (Bernays et al. 1991), creating simple shaped particles or roughly torn and crushed particles (Bernays and Janzen 1988). The reduced nutrient absorption efficiency observed in the 5.L5 may be due to the wider distances between molar ridges failing to crush open 
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many vascular bundles and cell membranes. Smaller locusts appear to have the advantage of both producing smaller particles and potentially crushing open more cells with narrower molar ridges, leading to the differences in nutrient absorption observed between smaller and larger locusts.  Growth in response to temperature varied with body size when locusts were feeding on wheat grass. Differences in the ratio of absorbed nutrients and how these relate to intake targets are likely to have led to the varied growth patterns across size groups. When locusts were allowed to self-select their diet (Chapter 2), all of the size groups used in the current study except the 5.L5 showed a pattern of increased growth as temperature increased. In contrast, when feeding on wheat grass, only the 2.C4 and 3.L3 increased in final size at 38°C. Intake targets of locusts shift to be more carbohydrate biased as body size increases and temperature increases to 38°C (Chapter 2). However, as locust size increased the ratio of nutrients that were extracted and absorbed from wheat grass became more protein biased (Fig. 3.7). Ingesting foods that are imbalanced can lead to poor growth (Lee et al. 2002; Raubenheimer and Simpson 1993; Simpson and Raubenheimer 2012). Despite the 4.C5 and 5.L5 increasing consumption of wheat, the deviation from their intake targets (excess of P and deficit of C) is likely to have resulted in a lack of increased growth at 38°C. The most efficient size group feeding on wheat was the 2.C4, as they were able to ingest the same amount of wheat at 32°C and 38°C but convert the ingested food to growth more efficiently at 38°C. The 3.L3 were not as efficient as the 2.C4, instead achieving higher growth at 38°C through an increased intake of food. Even though the smaller locusts were more efficient at absorbing 
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nutrients than larger locusts, they had still absorbed a diet higher in protein than their intake target requirements. Possibly the smaller locusts were able to use post-ingestive mechanisms to either excrete excess protein as uric acid (Zanotto et al. 1993) or deaminate excess protein and convert it to carbohydrate for use in metabolism (Chapman et al. 2013), resulting in the smaller locusts being closer to their intake targets than the larger locusts. Although the larger locusts may also use post-ingestive mechanisms, because they are further from their carbohydrate intake targets, post-ingestive mechanisms may not have been enough to compensate.  Interestingly the smallest size group 1.L2 showed no difference in the amount of wheat grass ingested between temperatures and did not show an increase in growth. The high efficiency of nutrient absorption resulted in the 1.L2 having the lowest P:C ratio of the size groups (Fig. 3.7). It is unclear why the 1.L2 would not increase the efficiency that nutrients were allocated to growth as seen in the previous Chapter 2. Potentially the 1.L2 do not have the ability to effectively utilise post-ingestive mechanisms due to very short stadium durations (< 4 days, Fig. 3.20g). Locusts feeding on kangaroo grass showed no difference in growth across temperatures for all size groups. The kangaroo grass leaf structure is likely to have impacted the growth outcomes through limiting nutrient absorption. However, the mechanism appears to differ slightly between some groups. The 1.L2 and 5.L5 absorbed ratios of nutrients that differed to their respective intake targets, resulting in the 1.L2 suffering a deficit of protein and the 5.L5 a deficit of carbohydrate (Fig. 3.21). The 2.C4, 3.L3 and 4.C5 absorbed ratios of nutrients that were close to their intake targets but did not ingest and absorb 
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enough nutrients to reach the intake target. Insects are able to avoid nutritional deficits when feeding on artificial food diluted with cellulose by adjusting consumption (Raubenheimer and Simpson 1993; Simpson and Raubenheimer 1993); however, leaf structure may hinder such compensatory responses. Gut passage and nutrient assimilation rates are much lower for tough leaves (Baines 
et al. 1973; Clissold et al. 2006). Potentially the tough kangaroo grass slowed gut passage rates, preventing the locusts at both temperatures from increasing consumption and absorption to effectively compensate for the dilution effect that grass cell walls may cause.  Many other studies looking at the plasticity of growth in relation to temperature (i.e. the TSR) have shown a wide range of responses that vary with the plant species eaten (Clissold et al. 2013; Diamond and Kingsolver 2010; Lemoine et al. 2013; Mousseau 1997; Walters and Hassall 2006). For instance, a study conducted by Clissold et al. (2013) using 5th instar L. migratoria consuming wheat and kangaroo grass found both different growth and nutrient absorption patterns to the current study. Locusts were found to reverse the TSR while feeding on wheat due to an increase in protein and carbohydrate absorption at 38°C (Clissold et al. 2013). In contrast, the current study found no difference in final size or nutrient absorption with temperature. Interestingly, Clissold et al. (2013) found that locusts feeding on kangaroo grass absorbed different ratios of nutrients between different temperatures, resulting in locusts following the TSR. Conversely, in the current study the 5th instar L. migratoria tended towards reversing the TSR as a result of absorbing more total nutrients, rather than a different ratio, at the hotter temperature. The differences in results between the two similar studies demonstrate that even within an 
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established study system it is important to examine nutrient acquisition when considering growth and development, as plants can change in water, chemistry and physical structure over time (Chapin 1980; Gibson 2009). Differences between small and large locusts in their ability to extract and absorb nutrients have implications for foraging behaviour. The increased need for carbohydrate in larger locusts combined with the reduced ability to extract and absorb carbohydrate may influence host plant choice. Smaller locusts can potentially utilise a wider range of plants due to their increased absorption efficiency. Additionally, thermoregulatory behaviour may differ between small and large individuals. Larger individuals may be more reliant on selecting microclimates with cool temperatures to avoid the additional carbohydrate requirements hotter temperatures would induce if suitable plants are not present, particularly under predicted temperature rises (Kirtman et al. 2013). Understanding foraging behaviour allows for better predictions of habitat use and movement behaviour, which would be beneficial for managing insect pest species. 
Table 3.1. Linear regression equations for each size group used to calculate the initial dry weight of locusts. Locusts from each representative size group were weighed after ecdysis into the appropriate instar, and then re-weighed after being lyophilised.  
Size Group Linear Regression Equation R2 1.L2 y = 0.1593x + 0.0017 0.874 2.C4 y = 0.2119x + 0.0022 0.838 3.L3 y = 0.2083x + 0.0012 0.784 4.C5 y = 0.2633x + 0.0006 0.877 5.L5 y = 0.3032x - 0.0167 0.728   Table 3.2. The percent of water, protein and carbohydrate (mean ± SE) contained in wheat grass and kangaroo grass.   Wheat grass Kangaroo grass 
Water 85.9% ± 0.5 60.0% ± 0.5 
Protein 38.7% ± 0.5 13.0% ± 0.4 
Carbohydrate 21.5% ± 0.3 24.3% ± 0.3   
Table 3.3. Statistical results (F and P values) for the total amount of protein absorbed at 32°C or 38°C for each size group while feeding on either wheat grass or kangaroo grass.  
Size Group Statistic n 
Wheat grass 
(T. aestivum) 
  1.L2 F(1,20) = 0.41, P = 0.528 22 2.C4 F(1,22) = 0.02, P = 0.900 24 3.L3 F(1,22) = 4.20, P = 0.053 24 4.C5 F(1,21) = 3.41, P = 0.079 23 5.L5 F(1,22) = 2.69, P = 0.115 24 
Kangaroo grass 
(T. triandra) 
  1.L2 F(1,22) = 0.39, P = 0.541 24 2.C4 F(1,22) = 0.56, P = 0.461 24 3.L3 F(1,22) = 0.94, P = 0.341 24 4.C5 F(1,17) = 0.89, P = 0.360 19 5.L5 F(1,14) = 4.96, P = 0.043 16   Table 3.4. Statistical results (F and P values) for the total amount of carbohydrate absorbed at 32°C or 38°C for each size group while feeding on either wheat grass or kangaroo grass.  
Size Group Statistic n 
Wheat grass 
(T. aestivum) 
  1.L2 F(1,21) = 0.22, P = 0.645 23 2.C4 F(1,22) = 0.31, P = 0.582 24 3.L3 F(1,22) = 1.94, P = 0.178 24 4.C5 F(1,21) = 2.71, P = 0.114 23 5.L5 F(1,22) = 2.73, P = 0.113 24 
Kangaroo grass 
(T. triandra) 
  1.L2 F(1,17) = 3.92, P = 0.064 19 2.C4 F(1,22) = 0.67, P = 0.420 24 3.L3 F(1,20) = 1.65, P = 0.214 22 4.C5 F(1,15) = 0.65, P = 0.431 17 5.L5 F(1,14) = 11.44, P = 0.004 16 
Table 3.5. Statistical results (F and P values) for the total amount of food consumed at 32°C or 38°C for each size group while feeding on either wheat grass or kangaroo grass.  
Size Group Statistic n 
Wheat grass 
(T. aestivum) 
  1.L2 F(1,21) = 0.59, P = 0.451 23 2.C4 F(1,22) = 0.03, P = 0.866 24 3.L3 F(1,22) = 6.70, P = 0.017 24 4.C5 F(1,21) = 7.17, P = 0.014 23 5.L5 F(1,21) = 8.61, P = 0.008 23 
Kangaroo grass 
(T. triandra) 
  1.L2 F(1,22) = 1.86, P = 0.187 24 2.C4 F(1,22) = 2.05, P = 0.166 24 3.L3 F(1,22) = 1.22, P = 0.282 24 4.C5 F(1,17) = 0.35, P = 0.559 19 5.L5 F(1,14) = 8.29, P = 0.012 16   Table 3.6. Statistical results (F and P values) for the intake rate of each size group at 32°C or 38°C, while feeding on either wheat grass or kangaroo grass.  
Size Group Statistic n 
Wheat grass 
(T. aestivum) 
  1.L2 F(1,21) = 6.70, P = 0.017 23 2.C4 F(1,22) = 38.29, P < 0.001 24 3.L3 F(1,22) = 80.38, P < 0.001 24 4.C5 F(1,21) = 115.02, P < 0.001 23 5.L5 F(1,21) = 68.13, P < 0.001 23 
Kangaroo grass 
(T. triandra) 
  1.L2 F(1,22) = 9.36, P = 0.006 24 2.C4 F(1,22) = 25.07, P < 0.001 24 3.L3 F(1,22) = 25.19, P < 0.001 24 4.C5 F(1,17) = 10.16, P = 0.005 19 5.L5 F(1,14) = 49.61, P < 0.001 16 
Table 3.7. Statistical results (F and P values) for the final dry weight of each size group at 32°C or 38°C, while feeding on either wheat grass or kangaroo grass.  
Size Group Statistic n 
Wheat grass 
(T. aestivum) 
  1.L2 F(1,21) = 0.08, P = 0.779 23 2.C4 F(1,21) = 15.80, P = 0.001 23 3.L3 F(1,21) = 7.22, P = 0.014 23 4.C5 F(1,21) = 0.64, P = 0.431 23 5.L5 F(1,22) = 0.00, P = 0.999 24 
Kangaroo grass 
(T. triandra) 
  1.L2 F(1,22) = 0.02, P = 0.897 24 2.C4 F(1,22) = 1.04, P = 0.320 24 3.L3 F(1,22) = 0.48, P = 0.493 24 4.C5 F(1,17) = 0.31, P = 0.588 19 5.L5 F(1,14) = 1.67, P = 0.217 16   Table 3.8. Statistical results (F and P values) for the growth rate of each size group at 32°C or 38°C, while feeding on either wheat grass or kangaroo grass.  
Size Group Statistic n 
Wheat grass 
(T. aestivum) 
  1.L2 F(1,21) = 14.40, P < 0.001 23 2.C4 F(1,21) = 103.94, P < 0.001 23 3.L3 F(1,21) = 63.74, P < 0.001 23 4.C5 F(1,21) = 52.97, P < 0.001 23 5.L5 F(1,22) = 19.89, P < 0.001 24 
Kangaroo grass 
(T. triandra) 
  1.L2 F(1,21) = 20.77, P < 0.001 23 2.C4 F(1,20) = 1.97, P = 0.176 22 3.L3 F(1,22) = 21.72, P < 0.001 24 4.C5 F(1,17) = 2.23, P = 0.154 19 5.L5 F(1,14) = 18.32, P = 0.001 16 
Table 3.9. Statistical results (F and P values) for carbohydrate utilisation efficiency at 32°C or 38°C while feeding on either wheat grass or kangaroo grass for each size group. Carbohydrate utilisation efficiency was run as an ANCOVA of lipid growth using carbohydrate intake as the covariate.  
Size Group Statistic Covariate n 
Wheat grass 
(T. aestivum) 
   1.L2 F(1,16) = 0.03, P = 0.861 F(1,16) = 1.11, P = 0.308 19 2.C4 F(1,19) = 8.94, P = 0.008 F(1,19) = 0.14, P = 0.712 22 3.L3 F(1,18) = 0.01, P = 0.926 F(1,18) = 0.34, P = 0.568 21 4.C5 F(1,18) = 0.63, P = 0.439 F(1,18) = 6.60, P = 0.019 21 5.L5 F(1,19) = 0.43, P = 0.518 F(1,19) = 0.11, P = 0.749 22 
Kangaroo grass 
(T. triandra) 
   1.L2 F(1,12) = 0.002, P = 0.967 F(1,12) = 3.23, P = 0.097 15 2.C4 F(1,13) = 0.03, P = 0.873 F(1,13) = 1.11, P = 0.312 16 3.L3 F(1,16) = 1.77, P = 0.202 F(1,16) = 0.64, P = 0.437 19 4.C5 F(1,13) = 0.38, P = 0.546 F(1,13) = 1.41, P = 0.257 16 5.L5 F(1,11) = 20.31, P = 0.001 F(1,11) = 7.02, P = 0.023 14   Table 3.10. Statistical results (F and P values) for the protein utilisation efficiency at 32°C or 38°C while feeding on either wheat grass or kangaroo grass for each size group. Protein utilisation efficiency was run as an ANCOVA of non-lipid growth using protein intake as the covariate.  
Size Group Statistic Covariate n 
Wheat grass 
(T. aestivum) 
   1.L2 F(1,19) = 0.29, P = 0.596 F(1,19) = 0.03, P = 0.863 22 2.C4 F(1,20) = 10.72, P = 0.004 F(1,20) = 24.45, P < 0.001 23 3.L3 F(1,20) = 7.10, P = 0.015 F(1,20) = 1.75, P = 0.201 23 4.C5 F(1,20) = 0.61, P = 0.445 F(1,20) = 5.60, P = 0.028 23 5.L5 F(1,21) = 3.10, P = 0.093 F(1,21) = 15.48, P = 0.001 24 
Kangaroo grass 
(T. triandra) 
   1.L2 F(1,21) = 0.01, P = 0.927 F(1,21) = 0.58, P = 0.455 24 2.C4 F(1,21) = 0.50, P = 0.488 F(1,21) = 0.01, P = 0.909 24 3.L3 F(1,21) = 0.97, P = 0.336 F(1,21) = 0.08, P = 0.774 24 4.C5 F(1,16) = 0.01, P = 0.908 F(1,16) = 9.90, P = 0.006 19 5.L5 F(1,12) = 0.07, P = 0.796 F(1,12) = 5.11, P = 0.043 15 
Table 3.11. Statistical results (F and P values) for the stadium duration of each size group at 32°C or 38°C while feeding on either wheat grass or kangaroo grass.  
Size Group Statistic n 
Wheat grass  
(T. aestivum) 
  1.L2 F(1,21) = 33.07, P < 0.001 23 2.C4 F(1,22) = 80.69, P < 0.001 24 3.L3 F(1,22) = 55.00, P < 0.001 24 4.C5 F(1,21) = 156.83, P < 0.001 23 5.L5 F(1,22) = 141.15, P < 0.001 24 
Kangaroo grass 
(T. triandra) 
  1.L2 F(1,22) = 73.92, P < 0.001 24 2.C4 F(1,22) = 34.61, P < 0.001 24 3.L3 F(1,22) = 91.67, P < 0.001 24 4.C5 F(1,17) = 183.82, P < 0.001 19 5.L5 F(1,14) = 78.87, P < 0.001 16  
  Fig. 3.1. Experimental feeding containers (a) were modified plastic jars with air holes for ventilation and a feeding vial inserted into a hole in the lid of the jar. Feeding vials (b) were tubes with rubber lids used in the cut flower industry.   
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  Fig. 3.2. Dissected locust mandible (5.L5) showing a) incisor measurement and b) molar measurements: molar width (W), molar length (L) and molar gaps (1, 2 & 3; green). 
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  Fig. 3.3. Efficiency of protein absorbed (ANCOVA adjusted log10 mean ± SE) of each size group when feeding on wheat grass, using total food consumed as the covariate. Letters on the graph indicate the result of a Tukey's HSD post hoc test, where different letters indicate a significant difference (Tukey's HSD P < 0.05).   
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  Fig. 3.4. Efficiency of carbohydrate absorbed (ANCOVA adjusted log10 mean ± SE) of each size group when feeding on wheat grass, using total food consumed as the covariate. Letters on the graph indicate the result of a Tukey's HSD post hoc test, where different letters indicate a significant difference (Tukey's HSD P < 0.05).   
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  Fig. 3.5. Efficiency of protein absorbed (ANCOVA adjusted log10 mean ± SE) of each size group when feeding on kangaroo grass, using total food consumed as the covariate. Letters on the graph indicate the result of a Tukey's HSD post hoc test, where different letters indicate a significant difference (Tukey's HSD P < 0.05).    
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  Fig. 3.6. Efficiency of carbohydrate absorbed (ANCOVA adjusted log10 mean ± SE) of each size group when feeding on kangaroo grass, using total food consumed as the covariate. Letters on the graph indicate the result of a Tukey's HSD post hoc test, where different letters indicate a significant difference (Tukey's HSD P < 0.05).    
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  Fig. 3.7. Ratio of protein to carbohydrate absorbed (P:C) of each size group when eating wheat grass at 32°C or 38°C. Letters on the graph indicate the result of a Tukey's HSD post hoc test, where different letters indicate a significant difference (Tukey's HSD P < 0.05). Lines above size groups indicate no significant difference within a size group between temperatures (Tukey’s HSD P > 0.05).   
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  Fig. 3.8. Ratio of protein to carbohydrate absorbed (P:C) of each size group when consuming kangaroo grass at 32°C and 38°C. A significant difference between temperatures within a size group is indicated by an asterisk (Tukey’s HSD P < 0.05). Lines above size groups indicate no significant difference within a size group between temperatures (Tukey’s HSD P > 0.05).  
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Fig. 3.9. Proportion of particle “sizes” produced by the different size groups: a,b) 1.L2; c,d) 2.C4; e,f) 3.L3; g,h) 4.C5 and i,j) 5.L5; when eating wheat grass at 32°C or 38°C (green and red lines respectively) and kangaroo grass at 32°C or 38°C (blue and orange lines respectively), showing the whole range of particle sizes (a,c,e,g,i) and examining particles between 150-1500 µm (b,d,f,h,j). Particle “size” is a measure of the diameter of the circle produced when particle area is converted to a circle.  
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  Fig. 3.10. Proportion of particles produced by each size group with particle “sizes” between 150-1500 µm when eating a) wheat grass at 32°C, b) wheat grass at 38°C, c) kangaroo grass at 32°C and d) kangaroo grass at 38°C. Particle “size” is a measure of the diameter of the circle produced when particle area is converted to a circle.  
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Fig. 3.11. Proportion of particle lengths produced by the different size groups: a,b) 1.L2; c,d) 2.C4; e,f) 3.L3; g,h) 4.C5 and i,j) 5.L5; when eating wheat grass at 32°C or 38°C (green and red lines respectively) and kangaroo grass at 32°C or 38°C (blue and orange lines respectively), showing the whole range of particle lengths (a,c,e,g,i) and particles with lengths between 500-3000 µm (b,d,f,h,j).  
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  Fig. 3.12. Proportion of particles produced by each size group with lengths greater than 500 µm when eating a) wheat grass at 32°C, b) wheat grass at 38°C, c) kangaroo grass at 32°C and d) kangaroo grass at 38°C.  
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  Fig. 3.13. Proportion of particle widths produced by the different size groups: a) 1.L2; b) 2.C4; c) 3.L3; d) 4.C5 and e) 5.L5; when eating wheat grass at 32°C or 38°C (green and red lines respectively) and kangaroo grass at 32°C or 38°C (blue and orange lines respectively), showing the whole range of particle widths between 0-3000 µm.  
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  Fig. 3.14. Proportion of particle widths produced by locust size groups when eating a) wheat grass at 32°C, b) wheat grass at 38°C, c) kangaroo grass at 32°C and d) kangaroo grass at 38°C. 
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  Fig. 3.15. Incisor lengths (mean ± SE) of each size group. Letters on the graph indicate the result of a Tukey's HSD post hoc test, where different letters indicate a significant difference (Tukey's HSD P < 0.05).   
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  Fig. 3.18. Representative sections of wheat grass and kangaroo grass, comparing the molar ridge distance (mean molar gap 1) of each size group and the most frequent particle widths produced for each grass. Particle width was used to compare food particles produced by each size group, as locusts typically cut across vascular bundles and excise strips parallel to vascular bundles and the leaf blade edge (Clissold 2007). Hence, the particle width measurement is most relevant to cross sections of a leaf blade. 
   Fig. 3.19. The effect of temperature on nutrient absorption when consuming wheat grass for the different size groups: a) 1.L2, b) 2.C4, c) 3.L3, d) 4.C5 and e) 5.L5. Each graph depicts the amount of carbohydrate absorbed (mean ± SE) plotted against the amount of protein absorbed (mean ± SE) at each temperature. The ratio of P:C measured in the wheat grass is indicated by the green dotted line, while each size groups respective intake targets (IT) (Chapter 2) at both temperatures are included.  
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Fig. 3.20. Matrix of results figures for each size group over two temperatures when consuming wheat grass. Each row of figures is a separate test result, while rows of figures are arranged in size group order from smallest to largest, with size group listed along the top of the matrix. Figure Y-axes titles are listed at the start of each row of figures. All results except for stadium duration have been standardised to between 0 and 1 to ensure Y-axes have the same scale. Results row figures are: a) total amount of wheat grass consumed (mean ± SE); b) intake rate (mean ± SE); c) final dry weight (mean ± SE); d) growth rate (mean ± SE); e) carbohydrate utilisation efficiency: showing the conversion efficiency of carbohydrate absrobed to lipid storage, using ANCOVA adjusted means (± SE) of carcass lipid content with carbohydrate absorbed as the covariate; f) protein utilisation efficiency: showing the conversion efficiency of protein absorption to lipid-free growth, using ANCOVA adjusted means (± SE) of lipid-free carcass dry weight with protein absorbed as the covariate, and g) length of stadium duration in days (mean ± SE). Results with a significant difference between temperatures are indicated by an asterisk (P < 0.05). 
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   Fig. 3.21. The effect of temperature on nutrient absorption when consuming kangaroo grass for: a) 1.L2, b) 2.C4, c) 3.L3, d) 4.C5 and e) 5.L5. Each graph depicts the amount of carbohydrate absorbed (mean ± SE) plotted against the amount of protein absorbed (mean ± SE) at each temperature. The ratio of P:C measured in kangaroo grass is shown by the brown dotted line, while each size groups respective intake targets (IT) (Chapter 2) at both temperatures are included. Where results were significant, P-values for relevant nutrients are included in the graph. 
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Chapter 4 
 
The impact of body size on 
thermoregulatory behaviour 
 70 
Summary Body size and temperature impact herbivorous insects’ nutritional biology, both through altering nutritional requirements and the ability to meet those requirements. Larger body sizes and higher temperatures both increase the amount of carbohydrate required by an individual. Additionally, larger individuals are less efficient at extracting and absorbing nutrients from plants. Thermoregulatory behaviour can be used to select temperatures that are optimal for an individual’s physiological state. For example, individuals may select lower temperatures to lower their metabolic rate when nutrients are limited. In the current chapter I aimed to examine whether thermoregulatory behaviour differed between small and large locusts due to their differences in nutrient absorption. Four size groups of locusts were generated using 
Chortoicetes terminifera and Locusta migratoria. The locusts were fed kangaroo grass (Themeda triandra) and allowed to thermoregulate throughout their respective stadia. Smaller locusts selected hotter temperatures most frequently, while the largest locusts selected both hotter and cooler temperatures most frequently. The increased selection of cooler temperatures by the largest locusts is hypothesized to be due to their reduced ability to absorb nutrients, since cooler temperatures will reduce metabolic rate and hence nutritional demand. In comparison to Chapter 3, the thermoregulating locusts achieved similar final sizes, however all size groups had stadium durations that were as prolonged as locusts growing at 32°C. This study shows how the impact of body size on nutritional biology can affect thermoregulatory behaviour and subsequent growth and development. 
 71 
Introduction Herbivorous insects live in heterogeneous environments that vary nutritionally, but also vary thermally due to the microclimates that are created by the local topography and vegetation (Coxwell and Bock 1995; Hofstede et al. 1995; Suggitt et al. 2011; Willmer 1982). Temperature is a major factor that affects nearly all behavioural and physiological activities (e.g. metabolic rate) but ectotherms such as insects have limited or no ability to internally regulate their body temperature (Angilletta 2009). Instead, ectotherms use behavioural thermoregulation to move between microclimates as their main device to achieve optimal body temperatures (Huey 1982; May 1979). Differences in thermoregulatory abilities or strategies can affect species distributions in the environment (Coxwell and Bock 1995; Willott 1997). Thermoregulatory behaviour involves individuals moving between sun and shade patches (Anderson et al. 1979; Chappell 1983; Chappell and Whitman 1990; Díaz and Cabezas-Diaz 2004; Huey 1982; Willott 1997), finding an appropriate substrate temperature (Chapperon and Seuront 2011b), adjusting times of activity (Díaz and Cabezas-Diaz 2004; Grant 1990; Schultz and Hadley 1987) or posturing behaviour (Anderson et al. 1979; Bauwens et al. 1996; Samietz et al. 2005). The thermoregulatory behaviour displayed by individuals varies between species, resulting in some species being more effective at adjusting body temperatures than others (Anderson et al. 1979; Samietz et al. 2005; Willott 1997). Factors such as the structure and distribution of microclimates (Díaz and Cabezas-Diaz 2004; Rummery et al. 1995) or predation risk can also alter thermoregulatory behaviour (Pitt 1999; Quirt et al. 2006). Additionally, individuals are able to adjust thermoregulatory behaviour to suit 
 72 
their physiological state (Brown and Griffin 2005; Clissold et al. 2013; Coggan et 
al. 2011; Mac 1985). The physiological processes occurring in animals often have different thermal optima (Angilletta 2009), which means it is possible to prioritise one process over another through temperature selection, but not possible to optimise all processes simultaneously. Development and growth rates, for instance, typically increase with increasing temperature (until reaching a critical temperature point) due to the effect of temperature on metabolic rate (Angilletta et al. 2004; de Jong et al. 2009). Miller et al. (2009) found that locusts that selected hotter temperatures prioritised faster growth rates over lower temperatures, at which locusts were more efficient at converting ingested nutrients to growth. Faster development is thought to have advantages, such as reaching adulthood (and hence reproductive age) sooner, avoiding pathogens and predators (Häggström and Larsson 1995), or being able to better utilise resources when growing seasons are short (Blanckenhorn and Demont 2004; Chown and Klok 2003; Parsons and Joern 2014). Rates of population growth are also largely influenced by fast maturation (Cole 1954). However, some authors have reported that faster growth results in physiological costs or increase predation risk (Gotthard 2000; Gotthard et al. 1994; Munch and Conover 2003; Stoks et al. 2005). Therefore, temperature can be utilised to prioritise processes that suit both physiological and environmental conditions. Ectotherms use temperature in a variety of ways. Individuals that are infected with bacterial or fungal pathogens, for example, can display behavioural fever, in which individuals raise their body temperature to inhibit the development of the pathogens (Hunt et al. 2011; Ouedraogo et al. 2004). 
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Thermoregulation is also used to benefit nutritional state. Higher temperatures increase metabolic rates, which affect nutritional requirements such as an increased need for carbohydrate (Chapter 2). Many animals have been observed to select hotter temperatures when they are well fed (Clissold et al. 2013; Coggan et al. 2011; Miller et al. 2009), but will shift to lower temperatures if nutrient intake is restricted in order to reduce metabolic rates and lower the amount of nutrients required (Brett 1971; Brown and Griffin 2005; Coggan et al. 2011; Despatie et al. 2001; Mac 1985). More recently, a study by Clissold et al. (2013) found that temperature influenced the ratio of nutrients that locusts absorb from a grass. Here, the locusts were able to select the appropriate temperature to gain the required nutrient from the grass after they had been made either protein or carbohydrate deficient (Clissold et al. 2013). Since, for herbivorous insects, an individual’s nutritional state is impacted by its capacity to extract and absorb nutrients from plants, the ability to thermoregulate and utilise temperature as a resource is particularly important (Barbehenn et al. 2014; Clissold et al. 2013; Clissold et al. 2006). The body size of an individual also affects its ability to extract and absorb nutrients from plants, with larger individuals being less efficient at absorbing nutrients than smaller individuals (Chapter 3; Clissold et al. 2006). For insect herbivores, the amount and ratio of two macronutrients, protein and carbohydrate, are most important for growth and overall performance (Raubenheimer and Simpson 1997; Simpson and Raubenheimer 1993; Simpson and Raubenheimer 2012). In addition, body size affects an individual’s nutritional requirements, where larger individuals require a diet higher in carbohydrate than smaller individuals (Chapter 2). The body size of an 
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individual could therefore impact thermoregulatory behaviour, as smaller and larger individuals may differ in their abilities to obtain the required nutrients. Consequently, their need to select different temperatures to suit their respective nutritional states might also vary.  This study aimed to determine whether thermoregulatory behaviour differed between small and large individuals of two species of locusts (Chortoicetes terminifera and Locusta migratoria) feeding on kangaroo grass (Themeda triandra), and how this corresponded to nutrient absorption. In particular, I hypothesised that larger locusts would spend more time thermoregulating at cooler temperatures than smaller locusts due to their reduced ability to extract and absorb carbohydrate, which otherwise could result in the failure to meet the increased demand for carbohydrate that both larger body size and hotter temperatures require. Additionally, this study investigated whether allowing locusts to thermoregulate affected growth and development in comparison to the locusts fed kangaroo grass in Chapter 3.  
Methods 
Locusts 
Locusta migratoria and C. terminifera males were used to investigate thermoregulatory behaviour. Four size groups of male locusts were collected from stock cultures described in Chapter 2. The size groups will be referred to by their shorthand coding, for example, the smallest size group – C. terminifera fourth instar – is referred to as 1.C4. The size groups used in size order were as follows: 1.C4, 2.L3, 3.C5 and 4.L5. Experimental replicates were conducted over several months: May – July 2013. 
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Experimental arenas & conditions The experiments were conducted in a temperature controlled room with an ambient air temperature of 24.5-27.5°C under a light dark cycle of 14:10h (light:dark). Thermal gradient arenas were made of a steel plate base (60L x 14W x 1D cm) with Perspex walls (40 cm high) that were coated in liquid Teflon (Fluon, The Herp Shop, Ardeer, VIC, Australia) to prevent locusts from climbing. Liquid Teflon coated plastic film was used on the arena ends to create an elliptical arena, as locusts have previously been observed to rest in corners for extended periods of time during behavioural assays (personal observation). A thermal gradient was generated by placing two 70 W heat mats (Heating Element, The Herp Shop, Ardeer, VIC, Australia) underneath one end of the steel plate arena. Heat mats were connected to thermostats (Rainbow Thermostat, The Herp Shop, Ardeer, VIC, Australia) to reduce temperature fluctuation. A thermal gradient of 30°C to 45°C was created within each arena. The stability of the thermal gradient was checked regularly with both a thermal imaging camera (IR Camera S65, FLIR Systems, Wilsonville, OR, USA) and a thermal gun (Digitech InfraRed Thermometer, Dual Laser, QM7215). Feeding vials were plastic tubes with a rubber lid used in the cut flower industry (previously described in Chapter 3). The ends of the grass were inserted through the rubber lid and wrapped in wet cotton wool before being inserted into the tube filled with distilled water. The feeding vials were placed in the thermal gradient arenas on stands that elevated the tube to an approximately 30° angle from the arena plate and prevented the tube from rolling within the arena. This allowed the water in the tube to keep the grass hydrated throughout the day while still being easily accessible to the locust. 
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Protocol Locusts were collected within four hours of moulting, weighed to the nearest 0.01 mg and placed into a haphazardly assigned arena. While arena allocation could not be randomised it was ensured that each size group experienced all of the arenas throughout the duration of the experiment.  Fresh Themeda triandra (kangaroo grass) was collected daily and weighed into grass meals to the nearest 0.01 mg. A meal was put into the individual’s feeding vial and placed randomly in either the cool, warm or hot end of the arena. The data were checked to determine if the location of the grass in the arena had any impact on temperature selection behaviour in each size group (see Data Analysis).  Food was changed daily until ecdysis, with the location of the feeding vial randomised each day. During daily meal replacement, remaining food and faeces from the previous day were collected and later lyophilised to a constant dry weight. Locusts remained within the thermal gradient arena until ecdysis where they were collected and lyophilised to a final dry weight. Initial dry weights were estimated to calculate growth over the stadium. The initial dry weights were calculated using linear regression equations (Table 4.1), which were calculated from a subset of samples of each size group that were weighed and killed within 4 h after ecdysis into the appropriate instar, before being lyophilised and re-weighed. Stadium duration was calculated to the nearest half day depending on whether a locust moulted before or after midday. Food intake was calculated by determining the difference between an estimate of the initial dry weight of food consumed less the dry weight of remaining food. The estimate of initial dry weight was calculated using linear 
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regressions of wet weight to dry weight from control grass samples that were collected daily. The daily percentage of protein and carbohydrate contained in the grass was determined from a subset of the control grass samples that were lyophilised and finely ground. Protein was extracted from 10 mg samples using 1 ml of 0.1 mol-1 NaOH, with samples having a 30 min period of sonication followed by heating at 90°C for 1 hour. The concentration of protein was measured using the Bio-Rad Protein Microassay based on the Bradford Assay (Bio-Rad Laboratories, Hercules, CA, USA). Non-structural carbohydrate was extracted from 10 mg samples by boiling in a water bath for 1 hour with 0.1 mol-1 H2SO4 (Smith et al. 1964). The samples were measured colourimetrically using the phenol-sulphuric acid assay (Dubois et al. 1956). Total protein and carbohydrate consumed were calculated using the daily percentage of protein and carbohydrate found in the grass. The amount of protein and carbohydrate remaining in the faeces were measured using the methods described above. Protein and carbohydrate absorption by the locusts were determined from the estimate of nutrients consumed minus the nutrients remaining in the faeces.  
Thermoregulatory behaviour Locust behaviour was captured using web cameras (Logitech Asia Pacific, Quarry Bay, HK) placed above the arenas, in conjunction with the CamStudio frame grabbing software (CamStudio.org, Essex, UK). The CamStudio software was set to capture a frame every 10 s, which is then converted into a video file. The locusts were filmed during the lights on phase. Size groups differed in the 
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day of the stadium that behaviour was filmed due to differences in stadium length. Filming days for each size group were selected to ensure equivalent feeding days were captured within each stadium to be compared for behaviour, as locusts feed at a reduced intake at the beginning of the stadium (Simpson 1982; Simpson et al. 1988). This reduced feeding tends to last longer in older instars (personal observation). The days selected for behaviour analysis were as follows: 1.C4 = day 2, 2.L3 = day 1, 3.C5 = day 3 and 4.L5 = day 3. Temperature selection behaviour was recorded using JWatcher Video (Blumstein et al. 2012). The JWatcher Video program allows the user to record key strokes for behaviours of interest and the specific time the key stroke occurred in relation to the video’s real time. Temperature zones were established along the gradient in 2°C increments to quantify thermal preferences, with locusts being scored as being in temperature zones: 30, 32, 34, 36, 38, 40 and 42+ °C (see below for a measure of actual achieved body temperature). Locusts were recorded when they were eating food, stationary in a temperature zone or when they were actively roaming about the arena. For this study, the term thermoregulation was defined as a locust selectively remaining stationary in a temperature zone. To ascertain whether a locust was considered to be selecting a temperature, the length of time spent stationary in a temperature zone was examined using frequency distributions of the recorded lengths of time spent stationary. Where the frequency distribution began to plateau, it was determined that a locust was selectively remaining stationary in a temperature zone, and not adjusting its selected temperature zone. From this, locusts were determined to be thermoregulating after remaining stationary in a temperature zone for longer than 8 min (Fig. 4.1). 
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Body temperatures achieved by the locusts while in the thermal gradient arenas were also measured. Grasshoppers can change temperature quickly with radiative heat (Willmer and Unwin 1981); however the ambient air temperature may have led to convective heat loss. Body size can also impact the rate of heat gain or heat loss (Stevenson 1985a; Willmer and Unwin 1981). To get a stable measure of actual body temperatures achieved in the thermal gradient, locust body temperature was measured from immobilised locusts after remaining on the thermal gradient for 10 min and compared to the thermal gradient temperature directly beside the locust. Measurements across the entire thermal gradient were collected for each size group to create linear regressions. Body temperature and thermal gradient temperature were measured using a thermal imaging camera. Preliminary comparisons were made between the thermal imaging camera and internal body temperatures, by inserting a wire K-type thermocouple (YC-747D, Yu Ching Technology, Taiwan) into the thorax of the locust, to ensure the thermal imaging camera was providing accurate body temperature results (personal observation).  
Data analysis The homogeneity of variances were checked using box plots and Levene’s tests, while Kolmogorov-Smirnov tests were used to check for normality. Where ANCOVAs were performed, full models were first run to check for homogeneity of slopes. All data were analysed in SYSTAT 12 (Systat Software, Chicago, Illinois, USA). Before proceeding with analyses, the data were checked to determine if the location of grass in the arena affected temperature selection patterns. For 
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each grass location, the arena substrate temperatures selected by the locusts (Tselected) were compared to the arena substrate temperature beside the grass vial (Tgrass), by subtracting the temperature at the location of the grass from the temperature selected by the locust (Tselected – Tgrass). If the mean value for each grass location was zero, this would indicate that temperature selection was influenced by grass location. Within each size group, the subtracted values were compared between grass locations (cool, warm and hot) using an ANOVA. It was determined that no size group’s temperature selection was affected by the location of the grass in the arena (Table 4.2, Fig. 4.2), as all size groups except the 2.L3 had significantly different Tselected-Tgrass results when comparing between grass locations. While the 2.L3 did not differ significantly between grass locations for Tselected-Tgrass, the mean value of Tselected-Tgrass indicated that the 2.L3 were on average selecting temperatures warmer than the grass locations (Fig. 4.2). As a result, the location of the grass was not considered in any further analysis. To determine whether locusts were selecting temperature zones in a non-random manner, the mean percent of time spent in each temperature zone (for stationary times > 8 min) was calculated for each size group and analysed separately using a Chi Squared Goodness of Fit Test. Quadratic curves were fitted to the mean values of time spent in each zone, to compare patterns of temperature selection between size groups. Linear regressions were conducted of actual locust body temperature against thermal gradient temperature for each size group. Size groups were compared for both the percent of time spent roaming and percent of time spent stationary and hence thermoregulating using ANOVA. 
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The efficiency with which protein and carbohydrate were absorbed was compared between size groups using ANCOVA, with protein ingested and carbohydrate ingested, respectively, as the covariate. Additionally, the ratio of P:C absorbed was compared between the size groups using ANOVA. Stadium duration was compared between size groups using ANOVA. Several variables from the current chapter were compared to results from locusts consuming kangaroo grass in Chapter 3 using ANOVAs, to determine how allowing locusts to thermoregulate affects the patterns of growth and development compared to rearing at constant temperatures. The variables compared were: protein and carbohydrate absorbed, total food consumed, intake rate (mg eaten per day), initial dry weight, final dry weight, growth rate (mg growth per day) and stadium duration.   
Results 
Grass chemistry The kangaroo grass contained 12.8% (± 0.25) protein, 27.4% (± 0.22) carbohydrate and 60.5% (± 0.76) water content. Hence, the ratio of P:C was 1:2.14.  
Stadium duration Size groups differed statistically significantly in the length of stadium duration (F(3,57) = 92.07, P < 0.001) (Fig. 4.3). The 2.L3 developed fastest, followed by the 1.C4, while the 3.C5 developed the slowest (Fig. 4.3).  
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Nutrient absorption The efficiency of protein absorption differed statistically significantly between size groups (F(3,54) = 10.62, P < 0.001, covariate F(1,54) = 380.50, P < 0.001). The 1.C4 and 2.L3 absorbed protein with the same efficiency, while all other size groups differed; with absorption efficiency decreasing with increasing size group (Fig. 4.4). Locusts differed statistically significantly in the efficiency of carbohydrate absorption (F(3,55) = 4.83, P = 0.005, covariate F(1,55) = 17.21, P < 0.001) (Fig. 4.5), with a pattern of decreasing carbohydrate absorption efficiency with increasing size group (Fig. 4.5). High variation in carbohydrate absorption in some size groups is likely to have resulted in a lack of clearly defined differences between size groups (see Fig. 4.5 for Tukey’s HSD post hoc results). The ratio of protein to carbohydrate absorbed was statistically significantly higher in the 4.L5 compared to the other size groups (F(3,56) = 5.60, 
P = 0.002) (Fig. 4.6).  
Thermoregulatory behaviour The linear regressions of actual locust body temperature against thermal gradient temperature revealed that no size group had body temperatures that exactly matched the thermal gradient temperature (Fig. 4.7). The smaller size groups had steeper regression slopes than the largest size group, indicating that the smaller locusts were able to achieve body temperatures closer to the thermal gradient than the largest size group. The maximum temperature achieved by the largest size group was approximately 39°C. As locusts were immobilised these results were not due to posturing behaviour. In addition, 
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locusts did not display positioning behaviour when intermittently observed in the experimental arenas (personal observation). All size groups showed thermoregulatory behaviour, selecting thermal zones in a non-random manner (1C4: χ2 = 13.42, d.f. = 6, P = 0.037; 2.L3: χ2 = 48.58, d.f. = 6, P < 0.001; 3C5: χ2 = 27.58, d.f. = 6, P < 0.001; 4.L5: χ2 = 41.45, d.f. = 6, P < 0.001). All size groups spent the largest amount of time in the hottest temperature zone, where thermal gradient temperatures were above 42°C (Fig. 4.8). After converting the results to actual body temperatures, this resulted in the largest size group 4.L5 spending the most time at a slightly lower temperature (approximately 2°C less) than the smaller size groups (Fig. 4.9). Additionally, the largest size group 4.L5 also spent a large portion of time in the coolest zones and hence a cooler body temperature (30°C and 32°C). The smaller size groups also spent increased time at 32°C compared to the other temperatures. There was a difference in the amount of time spent roaming in the arena between the size groups (F(3,49) = 9.15, P < 0.001) (Fig. 4.10). While the 2.L3 and 3.C5 were not statistically different, the P-value for the comparison was relatively close to being significant (P = 0.074). Hence, the Tukey’s HSD post hoc test showed that there was a strong pattern of C. terminifera size groups spending more time roaming in the arena than the L. migratoria size groups (approximately 19-24% vs 6-8%). The 4.L5 spent statistically significantly more time stationary and hence thermoregulating (50% vs 32-38%) than the other size groups (F(3,45) = 7.05, P < 0.001) (Fig. 4.11). There was no difference between the size groups in the amount of time spent feeding (F(3,33) = 0.26, P = 0.851). 
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Comparison to Chapter 3 variables The 1.C4 absorbed statistically significantly more protein than the locusts reared in Chapter 3 (F(2,35) = 4.77, P = 0.015) and absorbed carbohydrate that was close to being significantly higher than Chapter 3 locusts (F(2,35) = 3.14, P = 0.055) (Fig. 4.12a). The 1.C4 appeared to absorb amounts of protein and carbohydrate that were close to their intake target (Fig. 4.12a). The 2.L3 did not absorb nutrients that were different to the locusts in Chapter 3 (Protein: F(2,37) = 0.21, P = 0.810; Carbohydrate: F(2,34) = 2.39, P = 0.107) (Fig. 4.12b). The 3.C5 did not differ in the amount of protein absorbed compared to Chapter 3 locusts (F(2,31) = 0.75, P = 0.479), but absorbed statistically significantly more carbohydrate (F(2,29) = 5.05, P = 0.013) (Fig. 4.12c). In contrast, the 4.L5 absorbed both less protein and carbohydrate than the L. migratoria 5th instar locusts in Chapter 3 (Protein: F(2,29) = 27.08, P < 0.001; Carbohydrate: F(2,29) = 22.02, P < 0.001) (Fig. 4.12d). The smallest size groups ate similar amounts of grass to their respective size groups at both 32°C and 38°C in Chapter 3 (1.C4: F(2,34) = 1.28, P = 0.291; 2.L3: F(2,36) = 0.77, P = 0.472; 3.C5: F(2,30) = 1.13, P = 0.337) (Fig. 4.13a). The 4.L5 thermoregulating locusts ate intermediate amounts of grass compared to the locusts reared at 32°C and 38°C  in Chapter 3 (F(2,28) = 4.23, P = 0.025) (Fig. 4.13a). All size groups had the same intake rate as their respective size groups reared at 32°C in Chapter 3, while the locusts reared at 38°C had the fastest intake rates (1.C4: F(2,35) = 19.97, P < 0.001; 2.L3: F(2,37) = 15.08, P < 0.001; 3.C5: 
F(2,31) = 14.36, P < 0.001; 4.L5: F(2,29) = 50.34, P < 0.001) (Fig. 4.13b).  The 1.C4 and 2.L3 had statistically significantly higher initial dry weights than the locusts in Chapter 3 (1.C4: F(2,35) = 27.41, P < 0.001; 2.L3: F(2,37) = 16.03, 
 85 
P < 0.001) (Fig. 4.13c). The 3.C5 did not differ in their initial dry weight compared to the locusts in Chapter 3 (3.C5: F(2,31) = 0.89, P = 0.419). The 4.L5 had a statistically significantly lower initial dry weight to the locusts in Chapter 3 (4.L5: F(2,29) = 172.45, P < 0.001) (Fig. 4.13c). The smaller thermoregulating size groups showed patterns of final dry weight being lower than the locusts in Chapter 3 (1.C4: F(2,35) = 3.58, P = 0.039; 2.L3: F(2,37) = 3.89, P = 0.029; 3.C5: F(2,30) = 3.99, P = 0.029) (Fig. 4.13d). The 4.L5 had a statistically significantly lower final dry weight than the locusts in Chapter 3 (4.L5: F(2,28) = 18.54, P < 0.001) (Fig. 4.13d). Growth rates for the smaller size groups were lower than their respective size groups reared at both 38°C and 32°C in Chapter 3 (1.C4: F(2,35) = 20.81, P < 0.001; 2.L3: F(2,37) = 37.41, P < 0.001; 3.C5: F(2,31) = 9.26, P = 0.001; 4.L5: F(2,29) = 14.98, P < 0.001) (Fig. 4.13e). Stadium durations for all size groups were similar to their respective size groups reared at 32°C in Chapter 3, while locusts reared at 38°C developed faster (1.C4: F(2,35) = 24.43, P < 0.001; 2.L3: F(2,37) = 35.81, P < 0.001; 3.C5: F(2,31) = 112.86, P < 0.001; 4.L5: F(2,29) = 35.06, P < 0.001) (Fig. 4.13f). 
 
Discussion Individuals can use temperature to modify physiological outcomes through thermoregulatory behaviour (Brown and Griffin 2005; Clissold et al. 2013; Coggan et al. 2011). The results from this study showed that body size could impact thermoregulatory behaviour through its effect on nutritional requirements and the individual’s ability to meet those requirements. The small and large size groups differed in their thermoregulatory behaviour, with the largest size group selecting both hot and cool temperatures more frequently 
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while the smaller size groups favoured the hotter temperatures. It is likely that the differences in observed behaviour were due to the larger locusts reduced ability to absorb nutrients compared to the smaller locusts, requiring adjustments in physiological processes through temperature selection. The thermoregulatory behaviour displayed by the locusts is likely to have affected growth and development outcomes, which are discussed in comparison to the results found in Chapter 3. Nutrient absorption efficiency declined with increasing locust size, with both protein and carbohydrate absorption showing similar patterns to Chapter 3. Carbohydrate absorption efficiency showed a more pronounced decline with larger body size than did protein absorption efficiency, resulting in the larger locusts absorbing a higher ratio of P:C. Temperature has previously been seen to affect the ratio of P:C absorbed by 5th instar L. migratoria feeding on kangaroo grass (Clissold et al. 2013), however, the ratio of nutrients absorbed by locusts in Chapter 3 was not affected by temperature. The similarity of patterns of nutrient absorption in the current chapter to Chapter 3, suggests that temperature had no effect on the ratio of nutrient absorption in the current chapter. This result highlights the importance of the interaction between plant anatomy and the morphological differences between animals, and consequently the impact on nutrient extraction and absorption. All of the locusts spent the most time in the hottest zone of the thermal gradient and some time in the cooler zones. The largest locusts 4.L5 appear to spend more time at 32°C and 30°C compared to the smaller locusts, which spend little time at the coolest temperature. In addition, the larger locusts were not able to achieve body temperatures as hot as the smaller locusts in the hot 
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temperature zones (39°C vs 42°C), only achieving body temperatures within the “non-stressful range” (Chapter 2). Hence, the increased time spent in cooler zones by the largest size group may be due to the effects of higher temperatures affecting nutritional requirements through higher metabolic rates. Many ectotherms will select lower temperatures if they have been deprived of a meal, as a possible response to lowering metabolic rates and energetic costs (Brown and Griffin 2005; Coggan et al. 2011; Despatie et al. 2001; Gregory et al. 1999; Mac 1985). Recently, locusts have been shown to display sophisticated thermoregulatory behaviour, selecting temperatures associated with specific nutrient absorption (Clissold et al. 2013). Therefore, lower carbohydrate absorption may result in the larger locusts spending more time in cooler temperatures than smaller locusts as a response to the higher carbohydrate requirements at hotter temperatures (Chapter 2). Despite all size groups spending the most time in the hottest temperature zone, all locusts spent some time in every temperature zone, including slightly increased time at 32°C in the smaller size groups. Short-term experiments have shown that locusts provided with adequate food select hotter temperatures and prioritise high growth rates over potential benefits of higher nutrient utilisation efficiencies at cooler temperatures (Coggan et al. 2011; Miller et al. 2009). These studies, however, do not capture patterns of behaviour throughout the day. Similar to the current study, Ouedraogo et al. (2004) found that locusts infected with a fungal entomopathogen did not spend all of their time thermoregulating in the hottest zone. Individuals have been shown to survive a pathogen with short exposures to high temperatures, while additionally selecting lower temperatures (Inglis et al. 1996; Watson et al. 1993), which suggests that 
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spending time at cooler temperatures has some benefit. Nearly all physiological processes are temperature sensitive, however, thermal sensitivities and optimal temperatures can differ between processes (Angilletta 2009; Gillooly et al. 2001). Consequently locusts may need to spend a portion of time at lower temperatures to optimise certain physiological processes. Due to a likely combination of convective heat loss and the limitations of the thermal gradient arena environment (ambient air temperatures of 24.5-27.5°C), the locusts were not able to achieve body temperatures as hot as the thermal gradient. In particular, as the largest locusts 4.L5 achieved a lower maximum body temperature than the smaller locusts, it is not clear how the locusts would respond to the ability to obtain the potentially stressful high temperature used in Chapter 2 when given the opportunity to thermoregulate. Regardless of the limitation in the experimental conditions, it is unlikely that locusts would spend all of their time at the hottest temperatures given the results from this study. Movement behaviour differed between locust species, rather than body size, with C. terminifera size groups actively roaming around the thermal gradient arenas more than L. migratoria locusts. This result is likely to reflect behavioural differences between species rather than a nutritional influence, as the smaller size groups (including the 2.L3) were all relatively close to their intake targets. Willott (1997) found that grasshopper species differed in their effectiveness of thermoregulation, likely due to behavioural differences between species. Insects can have oscillatory behaviour patterns, such as the timing of locomotion and remaining stationary (Coggan et al. 2011; Simpson 1981; 1982). For example, the feeding, roaming and stationary behaviour observed by 
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Coggan et al. (2011), showed that after a meal L. migratoria 5th instar nymphs spent time actively roaming the arena before remaining stationary at a selected temperature. Locusts tend to only abandon the oscillatory patterns when there is a nutrient shortage, which triggers high levels of locomotory activity (Coggan 
et al. 2011; Raubenheimer and Gade 1996). Potentially C. terminifera and 
L. migratoria differ in their patterns of oscillatory behaviour, resulting in 
C. terminifera spending more time actively roaming. Body size did, however, have an effect on the amount of time a size group spent thermoregulating and remaining stationary. The largest size group 4.L5 spent the most time thermoregulating compared to the other size groups. It is unclear why a difference between body sizes may occur. Potentially the difference occurs because the larger locusts need to spend time at cooler temperatures and a greater total time thermoregulating to lower metabolic rate and reduce energetic demands. The thermoregulating 4.L5 locusts absorbed less nutrients (both protein and carbohydrate) than locusts in Chapter 3 (Fig. 4.12d), however, they appear to convert the absorbed nutrients more efficiently to growth as they maintained growth that was proportional to the locusts in Chapter 3 (Fig. 4.13c & d). Despite Miller et al. (2009) previously finding that 5th instar L. migratoria were able to convert ingested nutrients more efficiently to growth when they were reared at 32°C, previous chapters showed no consistent pattern for the temperature that maximised growth or nutrient utilisation efficiency in all size groups. The thermoregulating 4.L5 may have achieved a higher nutrient utilisation efficiency through temperature selection to maximise physiological processes. 
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The smaller size groups achieved similar growth to their respective size groups in Chapter 3. The thermoregulating locusts consumed similar amounts of kangaroo grass to locusts in Chapter 3, however, they also absorbed more carbohydrate. The higher carbohydrate absorption is likely due to the kangaroo grass consumed by thermoregulating locusts having a higher carbohydrate content (ratio of P:C in kangaroo grass: 1:2.14 vs 1:1.87). Despite the smaller thermoregulating locusts absorbing nutrients closer to their respective intake targets than locusts in Chapter 3 (1.C4 appears to reach their intake target), and having a higher initial weight in some size groups, the smaller size groups were unable to achieve a larger final size than the locusts in Chapter 3. Locusts in Chapter 3 were confined to plastic jars, which would have limited their movement drastically compared to the thermoregulating locusts. Increasing activity, such as flying, results in L. migratoria adults increasing their consumption of carbohydrate (Raubenheimer and Simpson 1997). While locusts confined to small rearing containers do not alter their respiration rate when actively moving around (Gouveia et al. 2000), other invertebrates increase metabolic rates with increases in locomotion speeds (Bartholomew et al. 1985; Duncan and Crewe 1993). Therefore, the additional carbohydrate absorbed by the thermoregulating locusts may have been used to fuel the extra energy that may be required by the locusts moving around the thermal gradient arena. Despite all size groups selecting the hottest temperature more frequently, the stadium durations were as prolonged as the locusts tested at 32°C in Chapter 3. In contrast to the current study, Fischer et al. (2011) found that exposing copper butterfly larvae (Lycaena tityrus) to fluctuating temperatures resulted in stadium durations that were shorter than the cooler, constant 
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treatment temperature. The results from the current study suggest that locust nymphs would have spent more total time at hotter temperatures than the copper butterfly larvae, which would suggest that locust nymph development should be faster than was observed in the current study. However, the current study has only examined a small portion of the locust’s developmental period for thermoregulatory behaviour. Temperature selection at other times during the stadium may have resulted in slow development times. Fast growth in individuals is often thought to be favoured as it can allow individuals to reach maturity sooner and escape predation or pathogens (Häggström and Larsson 1995). Additionally, faster development can result in individuals being able to complete their development in shorter growing seasons (Blanckenhorn and Demont 2004; Chown and Klok 2003; Parsons and Joern 2014). However, some studies have shown that faster growth rates can have significant physiological and fitness costs. For instance, butterfly larvae with fast growth rates were observed to have a lower starvation endurance (Gotthard et al. 1994), while faster growth rates have also been linked to reduced adult longevity in some insects (Chippindale et al. 1997; Gotthard et al. 1994). Furthermore, Gotthard (2000) showed that higher growth rates resulted in a much higher predation risk, but, they did not examine the cause of this outcome, suggesting that higher activity levels such as differences in feeding may increase predation risk (e.g. Bernays 1997). Therefore, the locusts in the current study may not be prioritising fast development rates due to potential physiological costs or an innate behavioural response, resulting in low growth rates. Alternatively, the locusts may result in slower development and lower growth rates simply due to thermoregulatory behaviour that prioritises other 
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beneficial physiological processes over development rate. For instance, Fischer 
et al. (2011) found that exposure to fluctuating temperatures resulted in increased heat resistance and immunocompetence in a butterfly larvae. Studies examining the foraging behaviour of individuals clearly need to consider not only differences between species, but also the individual’s nutritional needs and the ability to meet those requirements. Thermoregulatory behaviour is more complex than simply maximising development rates and can be used to modify physiological outcomes. How the thermoregulatory behaviours observed in the current study translate to behaviour in a real environment is an important area for future research, as it could greatly inform models examining population dynamics. The surrounding environment, including nutritional composition, predation risk and the availability of microclimates, will impact thermoregulatory behaviour outcomes, as individuals will need to balance the costs and benefits of prioritising physiological processes. 
Table 4.1. Linear regression equations for each size group used to calculate the initial dry weight of locusts. Locusts from each representative size group were weighed after ecdysis into the appropriate instar, and then re-weighed after being lyophilised.  
Size Group Linear Regression Equation R2 1.C4 y = 0.2119x + 0.0022 0.838 2.L3 y = 0.2083x + 0.0012 0.784 3.C5 y = 0.2633x + 0.0006 0.877 4.L5 y = 0.3032x - 0.0167 0.728   Table 4.2. Statistical results (F and P values) comparing selected temperatures in relation to grass location (Tselected-Tgrass) within each size group, to determine if temperature selection was influenced by grass location in the thermal gradient arenas.   
Size Group Statistic n 1.C4 F(2,21) = 4.18, P = 0.030 24 2.L3 F(1,16) = 0.02, P = 0.905 18 3.C5 F(2,17) = 4.96, P = 0.020 20 4.L5 F(2,21) = 3.90, P = 0.036 24 
 
  Fig. 4.1. Frequency distributions (log10 transformed) of the time spent stationary in a temperature zone for each size group: a) 1.C4, b) 2.L3, c) 3.C5 and d) 4.L5. Figures were used to determine the point where the distribution plateaus, which was then used as the minimum time a locust would need to spend stationary in a temperature zone to be considered thermoregulating. For all size groups 8 min was determined the minimum time (indicated by an arrow).  
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  Fig. 4.2. Comparing locust temperature selection to the location of the grass in the arena for each size group, by subtracting the temperature at the location of the grass (Tgrass) from the temperature selected by the locust (Tselected). Values presented are mean values ± standard error for: a) 1.C4, b) 2.L3, c) 3.C5 and d) 4.L5.   
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  Fig. 4.3. Length of stadium duration for each size group in days (mean ± SE). Letters above the graph indicate the results of a Tukey’s HSD post hoc test, where different letters indicate a significant difference (Tukey’s P < 0.05). 
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  Fig. 4.4. Efficiency of protein absorption (ANCOVA adjusted log10 mean ± SE) of each size group over the duration of their respective stadiums, using log10 protein consumed as the covariate. Letters on the graph indicate the result of a Tukey’s HSD post hoc test, where different letters indicate a significant difference (Tukey’s HSD P < 0.05).   
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  Fig. 4.5. Efficiency of carbohydrate absorption (ANCOVA adjusted log10 mean ± SE) of each size group over the duration of their respective stadiums, using log10 carbohydrate consumed as the covariate. Letters on the graph indicate the result of a Tukey’s HSD post hoc test, where different letters indicate a significant difference (Tukey’s HSD P < 0.05).   
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  Fig. 4.6. The ratio of P:C absorbed (mean ± SE) in each size group over the duration of their respective stadiums. Letters on the graph indicate the result of a Tukey’s HSD post hoc test, where different letters indicate a significant difference (Tukey’s HSD P < 0.05). 
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  Fig. 4.7. The relationship between body size and the actual temperatures achieved by the locusts in the thermal arena. The lines represent the linear equations for the plots of the thermal gradient temperature against actual body temperature, with linear equations and R2 values for each size group displayed on the graph.   
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  Fig. 4.9. a) The percent of total time (mean ± SE) each size group spent at actual body temperature, with b) quadratic curves fitted to the mean values for each size group. Quadratic equations for each size group are displayed on the graph with R2 values. The dotted line in figure (a) represents the random expectation.   
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Fig. 4.12. Comparing nutrient absorption between locusts in Chapter 3 feeding on kangaroo grass, to locusts in the current chapter: a) 1.C4, b) 2.L3, c) 3.C5 and d) 4.L5. Each graph shows the amount of protein absorbed (mean ± SE) plotted against the amount of carbohydrate absorbed (mean ± SE) by locusts in Chapter 3 at 32°C and 38°C, and locusts that were allowed to thermoregulate in the current chapter. The ratio of P:C that was measured in kangaroo grass during Chapter 3 experiments is indicated by the brown dotted line, while the ratio of P:C in kangaroo grass in the current chapter is shown by the solid green line. Additionally, each size groups respective intake targets (Chapter 2) are shown in each graph. Where protein and carbohydrate absorption results were significantly different to locusts in Chapter 3, P-values for relevant nutrients are included in the graph. 
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Chapter 5 
 
General discussion 
94 
 
Summary of results As outlined in Chapter 1, the three most influential factors affecting ectotherm growth and development are body size, temperature and nutrition. Body size is a major variable that is affected by multiple factors and in turn influences an animal’s physiology and life history. Animals are shaped by both their nutritional requirements and whether they can supply themselves with their required nutrients, which affects growth and development as well as behaviour. Temperature is a vital resource for ectotherms, impacting physiological processes, growth and development rates, and ultimately body size. Thermoregulatory behaviour can be used to prioritise certain physiological processes, including those related to maximising nutrient gain. This thesis investigated the interaction of body size, temperature and nutrition, using a multifaceted approach. Firstly, Chapter 2 investigated how a locust’s nutritional requirements differed with both body size and temperature. By allowing locusts to self-select their diets, results showed that body size and temperature interact, affecting the range of temperatures a locust could tolerate and subsequently influencing the ratio of protein to carbohydrate eaten. Across a range of smaller body sizes locusts increased carbohydrate consumption as a positive function of both body size and temperature. This was thought to be due to the increased demands of higher metabolic rates that are associated with both increases in body size and temperature. Whereas the larger locusts followed a similar pattern to smaller locusts at the cooler temperatures, the hottest temperature resulted in relatively poorer growth and survival, along with a switch to a more protein 
95 
 
biased diet. This change to a protein biased diet is suggested to be a response to the increased need to repair or replace damaged macromolecules that can occur with stressfully high temperatures. In order to meet nutritional requirements, many insect herbivores are required to mechanically rupture leaf cells to release digestible nutrients. The experiments in Chapter 3 therefore examined whether body size influences a locust’s ability to obtain nutrients from grasses and how temperature interacts to influence growth. Smaller locusts were more efficient at absorbing nutrients than larger locusts, but the patterns of nutrient absorption varied between grasses. The size of food particles produced by locusts followed the general pattern of nutrient absorption efficiency, where smaller locusts produced smaller particles. However, smaller particles produced by locusts feeding on one species of grass did not result in higher nutrient absorption. This result reinforces that the anatomical structure of the grass in addition to mandible size and structure will influence nutrient absorption (Clissold 2007; Clissold et al. 2006). The growth of locusts in this study reflected how nutrient absorption varied compared to nutrient intake targets. Despite plant anatomical structure and animal traits such as mandible structure impacting nutrient acquisition, ectotherms can use thermoregulatory behaviour to adjust metabolic rate and the resulting nutritional requirements, via controlling changes in body temperature. Chapter 4 tested whether body size would influence the thermoregulatory behaviour of locusts, due to differences in nutritional requirements and their ability to meet those needs. The larger locusts spent most of their time at the hottest temperatures on the 
96 
 
experimental gradient (43°C), but also spent time at the coolest temperatures (30-32°C). It is thought that selecting cooler temperatures may be to lower metabolic rate as a response to reduce the impact of poor nutrient supply. Conversely, the smaller locusts, which are better able to absorb nutrients (Chapter 3), spent the majority of their time at the hottest temperatures. This result suggested that the smaller locusts did not have to lower their metabolic rate to a similar degree as the larger locusts due to more efficient nutrient acquisition. However, for unknown reasons, due to thermoregulation throughout their respective stadiums, locusts did not appear to be prioritising a fast development rate.  
Conclusions To gain a clearer understanding of animal biology and its influence on behaviour, it is important to examine several influential factors together. This thesis has provided insight into the complex interactions of three major variables in an individual’s life: body size, temperature and nutrition; and how they influence both physiological and behavioural outcomes in locusts. The research presented reinforces the need to examine individual biology in order to understand interactions between individuals and how that can influence a community or ecosystem. For instance, this research has shown that studies examining theories like the TSR need to consider an animal’s nutritional requirements and whether they can obtain those nutrients, before drawing conclusions on patterns of growth. Importantly, the research methodologies 
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presented in this thesis can be applied to other ectotherms, both herbivores and carnivores. Much of the research presented on the effects of climate change consider large scale changes in environmental temperature, however, for ectotherms such as lizards and insects, the relevant scale is much smaller due to microclimates created by the local topography (Suggitt et al. 2011). Additionally, many models do not consider an individual’s ability to use thermoregulation to find suitable microclimates (Huey et al. 2012; Huey and Tewksbury 2009; Kearney et al. 2009). Models investigating the response of animals to climate change or processes occurring in community dynamics need to consider an individual’s nutritional requirements and how they might attain those nutrients as an influence on behaviour. Examining the foraging behaviour of an individual in depth by incorporating the impacts of nutritional requirements, the ability to obtain nutrients, thermoregulatory behaviour, the influence of the environment, and other individuals (both predators and competitors) is a challenging but highly informative future area of research. This thesis has provided clear examples of how (and why) the consideration of multiple variables and their interactions is essential in this field. In particular, this work has filled gaps within the literature, to provide greater insight into the strong interactions demonstrated between body size, temperature and nutrition in locusts. A large aspect of ectotherm behaviour is thermoregulation. Using constant temperatures in experiments has revealed the possible underlying influences for behavioural outcomes, but spatially and temporally fluctuating 
98 
 
temperatures are the norm under natural ecological circumstances. Often studies suggest that animals will use thermoregulation to prioritise faster growth, however, the results from the current research showed that locusts did not maintain fast development as a consequence of spending time at cooler temperatures. Whilst it is still unclear what processes locusts might be prioritising instead of rapid growth, this work has highlighted the need to investigate behaviour thoroughly through both studies focused on isolated variables and how that translates in to more realistic, variable environments. This thesis has revealed that body size is a vital factor to consider when investigating ectotherm life history, behaviour and performance. As the presented experiments have shown, the size of an individual can be influenced by many factors, including the impact of temperature on physiology and the ability to obtain nutrients. Since body size can also influence an individual’s physiology, behaviour and overall performance, size really does matter. 
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